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ABSTRACT 


The  horizontal  extent  and  the  intensity  of  the  Trade  Wind  Inversion  are  con¬ 
trolled  by  meteorological  conditions.  The  subtropical  area  of  the  Caribbean 
is  influenced  by  subsiding  air  which  tends  to  produce  a  temperature  inversion 
around  one  kilometer  above  the  sea  surface.  The  vertical  transport  of  water 
vapor  is  thereby  inhibited  and  a  boundary  forms  along  the  inversion  with  moist 
air  below  and  dry  air  above.  The  index  of  radio  refraction  therefore  decreases 
rapidly  with  height  through  this  layer  to  form  an  elevated  duct.  The  meteoro¬ 
logical  situation  controlling  the  characteristics  of  this  duct  varies  from  the 
normal  high  pressure  condition.  Interest  is  therefore  centered  on  the  varia¬ 
bility  of  the  inversion  layer  as  affected  by  weather  systems  and  local  geo¬ 
graphical  conditions. 
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SECTION  I 


INTRODUCTION 

The  Caribbean  Sea  is  within  the  subtropical  area  wherein  dry  air 
from  high  aLtitudes  descends  and  fLows  toward  the  equatorial  trough.  This 
fLow  repLaces  the  air  rising  from  the  equatoriaL  region  due  to  thermal  con¬ 
vection.  A  circulation  pattern  is  shown  in  Figure  1,  which  also  includes  a 
high  altitude  northward  flow  to  replace  the  dense  surface  air  draining  from 
the  polar  region.  Due  to  the  earth's  rotation,  the  air  moving  towards  the 
equatorial  trough  becomes  directed  towards  the  west.  This  combination  of 
effects  produces  a  flow  of  air  from  the  northeast  across  the  Caribbean  with 
the  direction  increasing  toward  the  west  as  the  flow  approaches  the  equa¬ 
torial  region. 

The  dry  subsiding  air  within  this  flow  is  heated  due  to  the  pressure 
increase  as  it  descends.  In  the  vicinity  of  one  kilometer  above  sea  level,  a 
temperature  inversion  generally  occurs  where  the  air  temperature  becomes 
greater  than  the  temperature  of  the  underlying  maritime  air.  This  tempera¬ 
ture  inversion  retards  the  upward  movement  of  moist  air  and  a  boundary  is 
formed  with  dry  air  above  and  moist  air  below.  Since  the  index  of  radio  re- 
fractivity  is  directly  affected  by  the  water  vapor  pressure,  the  inversion 
produces  a  region  wherein  the  refractivity  decreases  rapidly  with  height. 

In  terms  of  the  effect  of  this  layer  on  radio  propagation,  two  significant  con¬ 
ditions  are  produced.  First,  the  rapid  decrease  of  refractivity  with  height 
produces  an  elevated  duct.  Radio  signals  introduced  into  this  duct  can  be 
propagated  with  very  small  attenuation  if  the  energy  is  constrained  to  rejnain 
with  the  duct.  Second,  this  layer  represents  an  above  normal  change  of 
dielectric  constant  with  height.  This  dielectric  change  permits  a  significant 
amount  of  radio  energy  to  be  reflected  from  the  layer,  thereby  affording 
another  mechanism  to  obtain  propagation  beyond  the  radio  horizon. 

The  characteristics  of  this  layer  are  changed  due  to  orographic  and 
thermal  effects  which  can  generate  sufficient  vertical  momentum  to  cause 
moisture  to  break  through  the  layer.  Therefore,  the  layer  is  generally  not 
continuous  and  homogeneous  because  of  these  effects.  Any  frontal  system, 
usually  off  the  continent  from  the  northwest,  will  break  up  the  layer  and 
make  it  unrecognizable  as  the  front  passes.  Of  course,  large  scale  low 
pressure  cells  which  may  come  off  the  continent  or  from  the  hurricane 
generation  area  of  the  southeast  can  destroy  the  inversion.  These  cells 
cause  large  quantities  of  water  vapor  to  be  carried  aloft  which  may  not 
dissipate  for  several  days  following  the  passage  of  the  weather  system. 
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FIGURE  1. 


1 .  1  Thermodynamic  Processes  in  the  Trade  Wind  Structure 

Several,  effects  are  present  in  determining  the  formation  and  the 
characteristic  thermodynamic  and  moisture  structure  of  the  Trade  Wind 
Regime.  First,  there  is  an  exchange  of  heat  and  water  vapor  between  the 
ocean  and  the  atmosphere.  Second,  the  Latent  heat  exchanged  in  this  trans¬ 
fer  of  momentum  determines  the  general  circulation  patterns  (Montgomery, 
1936,  1948). 

At  the  boundary  Layer  of  the  air  and  sea  water  molecules  are  con¬ 
tinually  diffusing  into  a  very  thin  air  fiLm  at  the  surface.  Above  this  the  air 
flow  becomes  turbulent  due  to  the  fact  that  the  flow  is  in  friction  with  the 
laminar  Layer  of  air  at  the  surface.  The  continuing  vertical  exchange  of 
momentum  is  then  Largely  produced  by  this  dynamic  turbuLence. 

In  addition,  there  may  exist  composite  convection,  particuLarLy  where 
the  WesterLy  Trades  initially  begin  to  overfLow  the  warmer  waters  of  the 
Caribbean  Sea.  The  superadiabatic  layer,  which  then  forms  near  the  sea 
surface,  is  a  region  of  great  instability  wherein  the  verticaL  transfer  of  moist 
air  is  not  only  unrestircted  but  is  in  fact  enhanced.  Above  this  near-surface 
layer  the  temperature  lapse  rate  is  essentially  adiabatic  and  it  is  found  that 
the  specific  humidity  is  nearLy  constant  and  the  air-water  mixture  seems  to 
be  completely  mixed  and  homogeneous  (GentiLli,  1958;  Hill,  1962). 

Experimental  data  indicates  that  on  the  average  the  homogeneous 
Layer  extends  to  about  550  meters  and  about  80  percent  of  the  leveL  of  con¬ 
densation  under  cLoudy  conditions. 

As  the  vertical  stability  of  the  air  increases  because  of  subsidence 
of  the  air  aloft,  the  marine  Layer  is  therefore  constrained  in  its  vertical 
thickness.  Further  experimental  data  presented  herein  shows  that  the  lift¬ 
ing  produced  by  the  release  of  latent  heat  of  condensation  can  overcome  the 
subsidence  stability  and  lift  the  water  vapor  above  the  local,  average  height 
of  the  marine  layer.  The  occasion  of  cellular  convection,  coupled  with  wind 
shear,  often  produces  LongitudinaL  roll  vortices  with  their  axes  paraLLeL 
to  the  direction  of  shear  (Benard,  1900).  When  overflying  the  Caribbean, 
one  may  frequently  see  extensive  areas  where  these  cLouds  produce  a 
corrugated  roof  appearance. 

Extensive  analytical  and  experimental  studies  on  the  Trades  cLoud 
structure  are  documented  and  it  is  unreasonable  to  attempt  to  cover  this 
material  herein.  The  publication  by  Roll  is  very  comprehensive  in  this  area 
and  is  recommended  reading  for  anyone  wishing  to  pursue  this  subject  (RoLl, 
1965). 
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1.2 


The  Experimental  Program 


This  report  attempts  to  associate  the  meteorological  conditions,  in¬ 
cluding  thermal  and  orographic  effects,  storm  systems  and  fronts,  with  the 
intensity  and  horizontal  extent  of  the  inversion  layer. 

The  experimental  program  was  initiated  on  6  March  1969  and  continued 
through  25  March  1969.  An  instrumental  USAF  C-131  Convair  was  used  to 
obtain  detailed  measurements  on  the  characteristics  of  the  Trade  Wind  In¬ 
version  fRowlandson,  et  al,  1969].  An  extended  flight  was  made  from  Key 
West,  Florida,  in  a  counter-clockwise  direction  extending  through  the  areas 
of  New  Orleans,  Merida,  Grand  Caymans,  Puerto  Rico,  the  Bahamas  and 
back  to  Key  West.  Figure  2  shows  the  flight  plan  with  vertical  soundings  in¬ 
dicated  by  the  circles  along  the  various  legs.  At  Key  West  and  Puerto  Rico, 
additional  local  measurements  were  made  in  an  attempt  to  determine  how  the 
inversion  could  be  affected  by  local  climatological  features. 

Whenever  possible  the  flights  were  made  to  coincide  with  a  local 
radiosonde  observation.  This  was  done,  in  part,  to  determine  to  what  extent 
radiosonde  data  could  be  used  to  define  the  inversion  characteristics.  Radio¬ 
sonde  data  were  also  used  to  support  the  analysis  of  temporal  and  spatial 
effects . 
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SECTION  II 


A  description  of  available  data  and  their  presentation 

Measurements  were  made  of  air  temperature,  relative  humidity  and 
radio  refractivity  over  a  large  part  of  the  northern  Caribbean  Sea.  The  air¬ 
borne  instrumentation  and  data  collected  were  described  in  earlier  reports. 

In  addition,  the  weather  maps  (surface  and  850  millibar)  describing  the 
meteorological  conditions  were  presented  with  these  airborne  measurements. 
On  many  occasions,  radiosonde  launches  were  made  in  conjunctionwith  local 
aircraft  measurements  providing  a  direct  comparison  of  data.  In  general, 
the  radiosonde  data  over  the  northern  Caribbean  areawere  used  to  assist  in 
defining  the  meteorological  conditions,  such  as  the  description  of  a  frontal 
system,  and  were  gene  rally  not  directly  related  to  the  airborne  measurements. 

Cloud  photographs  were  obtained  from  the  aircraft  as  frequently  as 
possible.  These  photographs  indicate  the  presence  of  weather  systems  and 
the  local  meteorological  forces  at  work.  In  the  presence  of  a  strong,  ex¬ 
tensive,  inversion,  the  cloud  tops  tend  to  lie  along  the  inversion  and  are 
broken  only  by  local  thermal  convection.  The  moist  air  rises  but  as  it 
reaches  the  temperature  inversion  it  then  sinks  causing  a  circulation  of  air 
at  the  inversion  height.  Strong  turbulence  in  flight  at  the  inversion  height  is 
therefore  a  good  indication  that  the  layer  is  well  formed  and  intense. 

The  following  data  presentation  associate  the  meteorological  and  local 
geographical  effects  with  the  inversion  characteristics  measured  by  the 
instrumentation.  Radiosonde  and  cloud  conditions  are  included,  whenever 
possible,  to  corroborate  the  discussions. 

These  data  will  be  presented  in  a  chronological  order  within  each 
section  and  identified  by  aircraft  mission  numbers  so  they  may  be  related  to 
measurements  and  data  presented  in  the  earlier  reports. 

Several  parameters  associated  with  these  measurements  should  be 
clearly  defined.  The  first  is  the  radio  refractivity,  N,  and  the  modified  index 
of  refraction,  M,  both  of  which  play  an  important  role  in  determining  the 
relationship  of  the  inversion  characteristics  to  radio  wave  propagation. 

The  index  of  refraction,  n,  for  air  is  related  to  the  refractivity,  N, 
and  free  air  variables  by  the  expression,  [Smith  and  Weintraub,  1953] 

(n  -  1)  •  10®  =  N  (1) 

77.  6P  ,  3.  73  x  106  e 

= - —  + - if2 -  (2) 
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where  P  =  the  air  pressure  (mb) 

T  =  the  air  temperature  (°  K) 

e  =  the  water  vapor  pressure  in  the  associated  sample  of  air  (mb) 

To  maintain  hydrostatic  equilibrium,  the  pressure,  P,  decreases 
almost  exponentially  with  height  and  has  such  an  overwhelming  influence  on 
N,  that  in  general  it  is  found  that  N  also  decreases  exponentially  with  height 
[Bean  and  Dutton,  1966].  Variations  from  this  average  behavior  are 
primarily  due  to  the  water  vapor  pressure  term,  e.  This  subject  will  be 
discussed  further  in  the  report. 

When  a  radio  signal  is  propagated  and  its  travel  defined  by  a  single 
ray,  the  variations  of  N  along  its  path  produce  changes  in  its  velocity  and  its 
direction  of  travel.  These  considerations  are  well  documented  and  do  not 
need  to  be  presented  herein  [Bean  and  Dutton,  1966].  In  the  study  of  radio 
ray  propagation,  it  is  frequently  convenient  to  transform  the  geometry  to  a 
flat  earth  and  treat  the  problem  in  Cartesian  rather  than  in  polar  coordinates. 
This  transformation  changes  the  normal  decrease  of  N  with  height  over  the 
flat  earth. 

\ 

The  new  index,  M,  resulting  from  this  transformation  then  becomes 
M  (h)  =  N  (h)  +  h/a  •  10s  (3) 

where  h  =  the  height  above  the  earth's  surface 

a  =  the  earth  radius 

Another  parameter,  the  potential  temperature,  0,  is  of  particular 
importance  when  studying  the  Trade  Wind  Inversion  [Fleagle  and  Businger, 
1963].  The  potential  temperature  is  given  by 


where  T  =  the  air  temperature  (°  K) 

P  =  the  air  pressure  (mb) 

R  =  the  specific  gas  constant  for  air 

Cp  =  the  specific  heat  capacity  for  air  at  constant  pressure 
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therefore, 


R/Cp  =  0.  286  for  dry  air  (5) 

The  potential  temperature  may  be  considered  to  be  the  temperature 
a  sample  of  dry  air  would  have  if  it  were  compressed  (or  expanded)  adia- 
batically  from  a  given  state,  P  and  T,  to  a  pressure  of  1000  mb.  Therefore, 

0,  is  a  conservative  property  of  a  parcel  of  air  which  is  invariant  during 
adiabatic  processes. 

When  an  inversion  occurs,  such  as  in  the  case  of  the  Trade  Wind 
Inversion,  the  potential  temperature  increases  very  rapidly  with  height 
through  the  layer.  This  condition  indicates  that  abnormal  (non-adiabatic) 
heating  occurs  which  is  produced  by  the  subsidence  of  the  upper  air.  The 
vertical  stability  of  the  air  is  then  greatly  increased  in  the  layer.  Therefore, 
the  vertical  transfer  of  air  from  the  region  below  the  layer  is  strongly  inhibited. 

It  will  be  seen  that  any  temperature  advection  that  modifies  the  air, 
except  for  normal  adiabatic  processes,  will  have  a  marked  effect  on  the 
vertical  variation  of  potential  temperature.  Greater  or  lesser  stability  then 
occurs  depending  on  the  temperature  change  of  the  air  from  adiabatic. 
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SECTION  III 


THE  TEMPORAL  AND  SPATIAL  VARIATIONS  OF  REF  RAC  TIVIT  Y 
WITHIN  LIMITED  GEOGRAPHICAL  AREAS 
(Missions  1  and  2,  6  March) 

Variations  in  the  characteristic  of  the  Trade  Wind  Inversion  over 
large  geographical  areas,  that  is  hundreds  of  miles,  are  associated  with 
the  changing  meteorological  conditions.  Attempting  to  describe  these  effects 
from  measurements  using  an  instrumented  aircraft  can  be  frustrated  because 
of  the  time  and  space  rate  of  change  of  conditions  when  such  large  areas  are 
concerned. 

The  characteristic  of  the  inversion  can  be  more  readily  determined 
if  the  area  of  investigation  is  severely  restricted.  In  this  case,  spatial 
variations  can  be  discerned  within  a  time  frame  of  a  few  hours  and  a  check 
on  the  magnitude  of  temporal  variations  is  possible  by  repeating  measure¬ 
ments  at  the  same  location. 

The  following  subsections  attempt  to  describe  such  local  variations 
and  relate  the  radio  refractivity  profiles  to  associated  meteorological 
conditions . 

3.  1  Measurements  in  the  Key  West  Area,  Mission  1 

Missions  1  and  2  were  flown  on  the  same  day  and  separated  by  about 
nine  hours.  It  is  meaningful  to  discuss  these  missions  together  since  they 
reveal  information  on  temporal  effects  between  early  morning  and  later  in 
the  afternoon  on  6  March. 


Figure  3  shows  the  flight  plans 
Spiral  Location 


Spiral  Start  Time 
Z  Local 


A 

a. 

Key  West  NAS 

1131 

0631 

B 

b. 

25-06  N,  81-51  W 

1214 

0714 

C 

c . 

24-06  N,  81-08  W 

1315 

0815 

Taking  a  vertical  slice  through  the  locations  of  Spirals  a,  b,  and  c, 
the  refractivity  profiles  are  shown  on  Figure  4  for  the  morning  mission.  It 
is  interesting  to  note  that  two  layers  are  present.  The  lower  one,  usually 
identified  as  the  Trade  Wind  Inversion,  is  about  1500  meters  above  sea  level 
and  decreases  in  altitude  in  the  eastward  direction.  A  second  layer,  around 
2500  meters,  is  equally  intense  and  also  decreases  in  altitude  in  correspond¬ 
ence  with  the  lower  layer. 
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This  double  layer  condition  was  observed  some  years  earlier  at 
Curacao,  N.  A.  ,  during  mid-February  to  mid-March  1965  Rowlandson,  1966  . 
It  does  not  appear  to  be  a  usual  feature  of  the  Caribbean  area  since  there  is 
little  mention  of  it  in  the  literature.  However,  examination  of  the  potential 
temperature,  0,  profiles  shows  that  there  are  many  instances  where  a  marked 
increase  in  stability  occurs  in  the  region  of  3000  meters.  Therefore,  a  re- 
fractivity  layer  could  form  at  these  altitudes  if  a  significant  amount  of  mois¬ 
ture  escaped  from  the  maritime  layer.  The  above  report  shows  that  strong 
thermal  convection  and  orographic  effects  produced  by  land  can  produce  V 

sufficient  momentum  for  water  vapor  to  be  driven  aloft  through  what  is 
normally  defined  as  the  inversion. 

Figure  5  shows  the  profiles  of  water  vapor,  labeled  E,  and  potential 
temperature,  9,  associated  with  Spiral  A.  It  is  noted  that  the  vertical  in¬ 
crease  of  potential  temperature  is  very  small  beneath  the  lower  inversion. 

In  fact  conditions  are  almost  completely  adiabatic  and  moisture  is  filling 
the  region  with  almost  equal  concentration  in  height .  These  conditions  would 
optimize  the  chance  that  moisture  be  displaced  into  the  next  higher  level  by 
thermal  and/or  orographic  effects. 

The  surface  weather  map,  Figure  6,  shows  a  high  pressure  cell  east 
of  Key  West.  The  increased  subsidence  associated  with  this  cell  would  cause 
the  height  of  the  inversions  to  lower,  as  it  does,  in  a  direction  eastward  from 
Key  West.  In  any  case,  the  normal  flow  of  the  Trade  Winds  from  the  north¬ 
east  causes  the  concentration  of  water  vapor  to  increase  in  the  direction  of 
the  wind  with  a  thickening  of  the  maritime  layer.  This  effect  is  produced  by 
a  continuous  transfer  of  water  vapor  through  the  inversion  largely  due  to 
thermal  convection.  The  advection  of  water  vapor  not  only  weakens  the 
strength  of  the  refractivity  gradient  but  tends  to  raise  the  mean  height  of  the 
layer  in  the  downwind  direction.  However,  if  the  high  pressure  system  was 
Located  southwest  of  Key  West,  the  associated  increase  in  subsidence  could 
constrain  this  normal  tendency  for  the  Trade  Wind  Duct  to  rise  with  distance. 

It  is  apparent  from  Figure  4  that  the  aircraft  and  radiosonde  measure¬ 
ments  taken  at  Key  West  are  similar  in  shape.  However,  the  radiosonde 
shows  the  inversion  layer  to  be  less  intense  at  the  lower  Level  but  more  in¬ 
tense  at  the  higher  level.  During  the  sounding,  the  aircraft  covers  a  cir¬ 
cular  diameter  of  several  miles,  depending  on  its  altitude,  therefore,  hori¬ 
zontal  variations  in  refractivity,  N,  wouLd  appear  as  vertical  variations  on 
the  profiLes.  For  this  reason,  one  cannot  attach  significance  to  the  small 
variations  represented  by  the  aircraft  measurements. 
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SURFACE  CHART  6  March  1969 


An  additional  effect  is  produced  by  the  leeward  drift  of  the  radio¬ 
sonde.  At  a  nominal  rate  of  ascent  of  300  meters  per  minute  it  takes  the 
radiosonde  about  five  minutes  to  reach  the  height  of  the  inversion.  There¬ 
fore,  depending  upon  the  magnitude  and  direction  of  the  near-surface  winds, 
the  radiosonde  can  be  many  miles  away  from  the  aircraft,  at  any  particular 
time . 


Large  spatial  variations  which  generally  occur  around  land/sea  inter¬ 
faces  can,  therefore,  severely  limit  any  comparisons  between  respective 
measurements.  The  aircraft  measurements  (Figure  4)  indicate  significant 
spatial  variations  even  for  the  large  scale  features  shown  on  the  profiles. 
Therefore,  one  cannot  tacitly  assume  that  the  radiosonde  data  are  less 
significant  than  the  aircraft  measurement  even  though  by  its  method  of 
operation  it  provides  less  detail. 

3.  2  Measurements  in  the  Key  West  Area,  Mission  2 

The  flight  plan  for  Mission  2  is  the  same  as  before  except  that  the 
soundings  were  taken  in  a  different  order.  As  shown  directly  below,  Spiral 
A  was  flown  at  Position  C,  Spiral  B  at  Key  West,  and  so  on.  This  was  done 
to  get  two  soundings  at  two  separated  locations  to  check  for  temporal  effects. 
The  rather  unusual  order  in  which  these  measurements  were  conducted  was 
set  by  requirements  for  rest  and  refueling  for  the  following  morning's  mission. 


Spiral  Start  Time 


Spiral 

Location 

Z 

Local 

A 

c . 

24-06  N,  81-08  W 

2019 

1519 

B 

a. 

Key  West  NAS 

2107 

1607 

C 

b. 

24-06  N,  81-51  W 

2156 

1657 

D 

c . 

24-06  N,  81-08  W 

2235 

1735 

E 

a. 

Key  West  NAS 

2313 

1813 

Mission  2,  flown  later  in  the  afternoon  of  6  March,  indicates  (Figure 
7)  that  the  inversion  at  the  upper  elevation  has  weakened  with  a  corresponding 
increase  in  the  intensity  of  the  gradient  at  the  lower  level.  Considering  the 
times  and  locations  of  the  aircraft  measurements,  it  is  apparent  that  the 
inversion,  now  at  1000  meters,  shows  little  variation. 

The  weather  map  for  7  March,  which  is  shown  in  an  abbreviated  form 
on  Figure  8,  indicates  that  the  high  pressure  cell  has  moved  South  West. 

The  effect  of  this  movement  is  clearly  evident  on  the  aircraft  measurements, 
above.  Increased  subsidence  and  greater  horizontal  stratification  and 
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FIGURE  8. 


stability  is  evident  over  the  time  and  extent  of  Mission  2.  With  f, this  general 
stability  evident,  it  is  indeed  unfortunate  that  the  radiosonde  profile,  shown 
on  Figure  7,  is  missing  significant  data  in  the  region  of  the  inversion  height. 

It  may  be  of  interest  to  note  that  on  the  2313  Z  profile,  a  moisture 
layer  is  evident  around  2300  meters  which  weakens  toward  the  east.  This 
may  be  a  precursor  of  events  to  follow. 

During  Mission  2,  several  cloud  photographs  were  made  which  can  be 
associated,  from  Figure  7,  with  the  height  in  a  given  sounding.  Photographs 
2B,  E,  F,  and  G  were  taken  during  the  soundings  made  at  Key  West.  In 
particular,  2B  indicates  generally  clear  conditions  with  a  few  high  scattered 
clouds.  By  the  time  2E,  F,  and  G  were  taken  in  sounding  E  (2313  Z)  one 
can  begin  to  see,  particularly  in  2F,  some  clouds  building  up  at  high  eleva¬ 
tions,  indicating  the  advection  of  moisture. 

Moving  eastward  from  Key  West,  photographs  2C  through  2D  clearly 
show  the  presence  of  moisture  at  high  altitudes.  In  particular,  2A  shows  the 
presence  of  light  cumulus. 

From  Figure  8,  it  is  apparent  that  the  circulation,  clockwise  around 
the  high  pressure  cell  is  fortified  by  the  low  to  the  northeast.  This  would 
start  to  draw  moisture  southward  from  the  continental  shelf  area,  and  then 
later  on  6  March  could  account  for  the  advection  of  moisture  at  high  levels. 

3.  3  Comments  on  Missions  1  and  2 

The  behavior  of  the  inversion  in  terms  of  its  intensity  and  horizontal 
stability  is  directly  related  to  the  intensity  and  position  of  the  high  pressure 
system.  High  pressure  associated  with  subtropical  subsidence  in  these 
areas  causes  the  formation  of  the  temperature  inversion,  that  is,  the  char¬ 
acter  of  the  Trade  Wind  Duct.  The  profiles  obtained  during  Missions  1  and  2 
are,  therefore,  completely  subject  to  the  meteorological  conditions.  How¬ 
ever,  in  Mission  1  it  is  interesting  to  see  the  uncommon  formation  of  a 
higher  layer  which  may  be  attributed  to  the  fact  that  the  local  air  mass  was 
just  slightly  stable  at  the  lower  levels  if  one  excludes  advection. 

The  two  radiosonde  profiles  show  the  contrast  between  a  useful  set 
of  data  (6  March,  1200  Z)  and  a  disappointing  lack  of  significant  data 
(7  March,  0000  Z). 
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SECTION  IV 


the  characteristics  of  the  inversion  and 

ASSOCIATED  WEATHER  FROM  KEY  west  TO  NEW  ORLEANS 

(Mission  3,  9  March) 

Aircraft  measurements  were  made  from  Key  West  to  the  weather 
station  at  Burwood,  which  is  just  southeast  from  New  Orleans.  As  shown  on 
Figure  9,  five  profiles  were  attempted  with  intervening  measurements  during 
the  transition  periods  between  these  soundings.  Malfunction  of  a  pressure 
recorder  caused  a  loss  of  data  up  to  the  completion  of  Spiral  B.  A  coincidental 
lack  of  radiosonde  data  from  Key  West  for  9  March  (1200  Z)  restricts  meaning¬ 
ful  data  to  the  path  from  200  km  northeast  of  Key  West. 


Spiral  Start  Time 

Spiral  Location  Z _ Local 


A 

a.  Key  West  NAS 

1555 

1055 

B 

b.  25-15  N,  83-15  W 

1635 

1135 

Climb  1 

b-c 

1656 

1156 

C 

c.  26-00  N,  85-00  W 

1743 

1243 

Climb  2 

c  -d 

1755 

1255 

D 

d.  27-07  N,  86-20  W 

1834 

1334 

Climb  3 

d-e 

1856 

1356 

E 

e.  29-10  N,  89-07  .W 

2016 

1516 

Figure  10  shows  the  isopleths  of  refractivity,  N,  taken  from  the  air¬ 
craft  measurements.  Neglecting  for  a  moment  that  the  aircraft  took  over 
four  hours  to  complete  the  measurements,  the  isopleths  show  the  Trade  Wind 
Duct  forming  around  800  meters  at  mid-range  and  then  dissipating  towards 
New  Orleans.  Since  the  radio  refractivity,  N,  is  so  dependent  upon  vapor 
pressure,  (equation  (2))f  these  lines  also  indicate  the  spatial  variation  of 
moisture . 

During  the  first  half  of  the  path  from  Key  West  to  Burwood,  the  larger 
concentrations  of  moisture  are  found  at  higher  levels  to  be  closer  to  Key 
West.  As  the  inversion  intensifies  near  mid-path,  the  moisture  is  constrained 
to  lie  within  lower  levels.  The  10  March  (0  Z)  radiosonde  from  Burwood  was 
launched  a  few  hours  after  the  aircraft  reached  Burwood.  The  moisture  con¬ 
centration  at  low  levels  continues  to  increase.  However,  the  inversion  is 
gone  with  a  more  normal  distribution  of  moisture  with  height. 
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The  previous  launch  from  Burwood  (9  March,  0  Z)  shows  comparatively 
much  larger  concentrations  of  moisture  at  altitude.  In  fact,  the  distribution 
With  height  looks  very  similar  to  that  at  Key  West,  at  the  same  time/  It 
therefore  appears  that  during  the  flight  of  the  aircraft  the  degree  of  sub¬ 
sidence,  which  would  be  associated  with  a  high  pressure  call,  was  intensifying 
and  had  moved  through  Burwood  during  the  period  from  9  March  to  10  March 
(0  Z). 

Figure  11  shows  the  weather  analysis  along  the  path  at  0  Z  on  9  March 
corresponding  to  0700  EST  Key  West,  9  March.  It  was  about  four  hours 
later  when  the  aircraft  began  the  flight.  Figure  12  shows  the  surface  weather 
map  at  this  same  time.  It  is  apparent  that  a  cold  front  in  advance  of  a  high 
pressure  cell  is  crossing  through  the  region.  Dry  subsiding  air  follows  in 
the  wake  of  the  front  which  accounts  for  the  restoration  of  the  inversion 
near  mid-path. 

On  Figure  11  the  solid  lines,  according  to  convention,  show  the  air 
temperature  which  is  much  cooler  in  the  wake  of  the  front.  The  dashed  lines 
show  the  dew  point  temperatures  with  a  large  spread  indicating  dry  air  and  a 
small  spread  indicating  near-saturation  conditions.  In  the  dry  region,  the 
spread  between  the  air  temperature  and  the  dew  point  temperature  is  about 
25  degrees  centigrade.  Near  Burwood,  and  close  to  the  surface,  it  is  noted 
that  the  10  degree  air  temperature  line  is  essentially  the  same  as  the  dew 
point  temperature  indicating  high  humidity  and  possibly  fog  and/or  precipi¬ 
tation. 

Cold  air  near  the  surface  over  warm  Gulf  water  causes  instability 
which  supports  the  vertical  transfer  of  moisture  [Roll,  1965,  p  247].  This 
results  from  the  fact  that  air  in  proximity  with  the  water  reaches  a  tempera¬ 
ture  greater  than  the  cooler  air  above.  It,  therefore,  rises  into  the  more 
dense  air  above  the  surface  and  carries  water  vapor  aloft. 
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SECTION  V 


THE  CHARACTERISTICS  OF  THE  INVERSION  AND 
ASSOCIATED  WEATHER  FROM  EGLIN  TO  MERIDA 
(Mission  4,  10  March) 

Figure  13  shows  the  location  of  spirals  for  the  flight  from  Eglin  AFB 
to  Merida,  Mexico,  on  10  March.  Data  were  also  recorded  in  the  sections 
marked  by  climbs  between  spirals. 


Spiral  Start  Time 


Spiral 

Location 

Z 

Local 

A 

a.  29-00  N,  87-00  W 

2032 

1432 

Climb  1 

a-b 

2050 

1450 

B 

b,  25-00  N,  88-13  W 

2217 

1617 

Climb  2 

b-c 

2235 

1635 

C 

c,  23-00  N,  89-00  W 

2315 

1715 

For  the  previous  mission,  the  refractivity  structure  was  presented 
first  and  then  justified  on  the  basis  of  the  weather  system.  This  time  let 
us  examine  the  weather  data  and  attempt  to  postulate  the  refractivity 
structure . 

Figure  14  shows  the  surface  map  for  0700  EST  on  10  March.  The 
cold,  high  pressure  wave  has  almost  cleared  Cuba  and  leaves  behind  a  large 
mass  of  cool,  dry  air.  From  Eglin  to  Merida,  surface  winds  are  light  and 
generally  in  a  southward  direction.  The  center  of  this  massive  high  pressure 
system  is  still  northwest  of  the  Gulf.  These  conditions  would  suggest 
stronger  subsidence  in  the  northern  part  of  the  flight  path.  The  inversion 
should  be  present  but  weakening  towards  Merida.  Because  the  winds  would 
be  cool  there  should  be  a  considerable  amount  of  moisture  upwelling  which 
would  produce  a  low  level  cloud  buildup. 

Figure  15  shows  the  isopleths  of  refractivity  obtained  from  aircraft 
measurements.  The  measurements  made  during  the  final  climb  towards 
Merida  are  in  good  agreement  with  the  radiosonde  launch  at  0000  Z,  11  March. 
It  is  apparent  that  an  elevated  layer  is  formed  around  700  meters  elevation 
at  the  northern  part  of  the  track.  This  layer  weakens  and  rises  as  the  track 
continues  southward.  As  the  aircraft  approaches  the  land,  the  layer  is 
destroyed,  probably  through  strong  thermal  convection. 
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A  weather  analysis  is  shown  on  Figure  1 6 ,  where  surface,  upper  air, 
and  aircraft  measurements  were  all  used  to  give  the  greatest  possible  detail. 
Dry  cool  air  is  aloft  and  has  advanced  800  km  at  2400  meters  towards  Merida. 
At  lower  levels,  around  1300  meters,  the  advance  is  retarded  by  the  buildup 
of  moisture  from  the  sea.  The  condensation  of  this  moisture  at  altitude  pro¬ 
duces  heat  from  condensation.  The  15  degree  air  temperature  isopleth 
clearly  separates  the  dry,  cool  air  above  from  the  warm,  moist  air  below. 
Photograph  4A  shows  the  beginning  of  a  cloud  deck  as  the  inversion  intensifies. 
Referring  to  Figure  1 6 ,  this  photograph  was  taken  near  the  top  of  the  first 
Spiral,  A. 

Near  Merida,  the  transfer  of  water  vapor  due  to  thermal  convection  is 
pronounced.  The  advecting  upper  tongue  of  cool  air  is  producing  a  band  of 
clouds  at  the  2400  meter  level  with  this  condition  increasing  as  warm  moist 
air  is  reached  over  the  land.  Photograph  4B  shows  the  large  amounts  of 
water  vapor  aloft  as  the  aircraft  approaches  Merida,  with  the  air  craft ‘'(Figure 
16)  located  in  Spiral  B  between  the  upper  and  lower  cloud  decks.  Photograph 
4,0  was  taken  at  the  bottom  of  .Spiral  B  and  shows  some  of  the  detail  of  the 
lower  cloud  structure. 

This  pattern  shows  in  a  striking  manner  how  rapidly  the  vertical 
transfer  of  water  vapor  takes  place  when  cool  air  overrides  warmer  water. 

The  second  effect  when  this  moist  air  begins  to  precipitate  and  release  heat 
is  to  increase  the  buoyancy  of  the  air.  The  net  effect  is  to  cause  extremely 
large  transfer  of  moisture  in  the  vertical,  which  must  destroy  the  normal 
characteristics  of  the  Trade  Wind  Duct. 

One  might  have  expected  that  with  the  cool  air  pushing  south  over 
warmer  water  that  large  amounts  of  vapor  would  be  transported  vertically. 
Further,  that  the  height  of  the  Duct  would  increase  towards  Merida  and 
would  weaken  because  of  the  moisture  transport.  However,  any  detailed  in¬ 
formation  about  the  characteristics  of  the  Duct  appears  unobtainable  without 
detailed  knowledge  of  the  overriding  air  temperatures.  For  example,  cer¬ 
tainly  the  surface  air  temperature  will  be  increased  by  association  with  the 
warm  water  and  the  heat  of  vapor  condensation.  However,  at  what  rate,  in 
terms  of  distance  traveled,  does  this  air  temperature  modification  occur? 

Also,  at  what  rate  is  the  dry  air  modified  at  greater  altitudes  by  this  thermal 
friction  occurring  at  lower  levels? 

It  appears  that  one  can  only  make  some  general  comments  about*how 
the  Duct  is  modified  in  the  presence  of  conventionally  defined  weather  systems. 
Details  on  the  height,  thickness,  intensity,  or  in  fact,  the  presence  or  absence 
of  the  duct  are  generally  unknown  unless  the  meteorological  parameters  are 
known  in  detail.  This  observation  can  be  checked  repeatedly  as  subsequent 
missions  are  analyzed. 


35 


B7102 


U> 

ON 


EGLIN  MERIDA 


FIGURE  16. 


4A  10  March  1969 


4B  10  March  1969 


37 


SECTION  VI 


THE  CHARACTERISTICS  OF  THE  TRADE  WIND  DUCT  AND 
ASSOCIATED  WEATHER  FROM  MERIDA  TO  THE  CAYMANS 

(Mission  5,  11  March) 

Figure  17  shows  the  flight  plan  from  Merida  to  the  Cayman  Islands 


on  1 1  March  .  Data. 

was  again  recorded  during 

spirals  and 

climbs  . 
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2150 
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The  surface  weather  map,  Figure  18  (0700  EST,  11  March),  shows 
the  high  pressure  system  further  south  than  on  the  previous  day.  In  the 
region  between  Merida  and  the  Caymans,  the  surface  winds  are  still  south¬ 
ward  and  light.  The  edge  of  the  front  is  east  of  the  Caymans  and  should  not 
have  any  influence  on  the  path. 

These  conditions  would  suggest  a  weak  inversion  present  due  to  the 
slight  influence  of  high  pressure.  The  map  indicates  that  the  pressure  is 
only  a  few  points  over  normal  sea  level  pressure.  The  overriding  air  is 
by  now  only  slightly  cooler  than  the  water  and  excessive  vertical  transport 
of  vapor  is  not  likely  except  by  thermal  effects. 

Now,  let  us  look  at  Figure  19,  showing  the  refractivity  isopleths. 

It  is  strikingly  apparent  that  the  isopleths  are  generally  at  constant  altitude. 
This  is  not  surprising  since  the  measurements  were  made  almost  parallel 
to  the  pressure  isobars.  Except  near  the  Caymans  there  is  a  general  ab¬ 
sence  of  an  elevated  duct.  The  vertical  bars  on  the  isopleths  indicate  there 
was  more  than  one  altitude  having  a  given  refractivity.  Such  hooking  in  the 
refractivity  profiles  usually  indicates  the  presence  of  strong  concentrations 
of  moisture  aloft.  The  isopleth  pattern  generally  indicates  a  very  normal 
lapse  rate  of  refractivity  not  usually  found  in  these  areas.  If  anything,  the 
plot  is  striking  in  its  absence  of  any  interesting  features. 
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The  detailed  weather  analysis,  Figure  20,  shows  warm  dry  air  aloft 
extending  from  Merida  over  the  first  haLf  of  the  path.  Nearer  to  Georgetown 
in  the  Caymans,  the  Lapse  rate  of  temperature  with  height  is  much  Larger. 
The  air  temperature  near  the  surface  is  not  sufficiently  cooL  to  cause  great 
up-weLLing  of  water  vapor,  Therefore,  the  cLoud  structure  shouLd  be  LargeLy 
produced  by  normal,  thermal  convection. 

In  reLation  to  the  first  conjectures,  the  absence  of  the  inversion  and 
the  associated  Trade  Wind  Duct  was  unexpected.  The  subsidence  associated 
with  the  high  pressure  system  is  too  weak  to  have  any  influence  in  the  area. 
The  air  aLoft  is  generaLLy  very  warm  and  abLe  to  contain  a  significant  vapor 
pressure.  In  other  words,  the  region  of  air  marked,  "Warm  Dry,  11  on 
Figure  20  is  warm  but  not  very  dry.  The  temperature  spread  between  air 
temperature  and  dew  point  does  not  exceed  L5  degrees.  Referring  to  Figure 
LI,  for  Mission  3,  the  dry  air  shows  a  spread  of  about  25  degrees  which  is 
more  representative  for  subsidence  of  stratospheric  air. 

Here,  again,  it  is  evident  that  it  is  extremeLy  difficult  to  define  the 
characteristics  of  the  Duct  using  Limited  and  inexact  data.  A  variation  of  the 
dew  point  temperature  of  a  few  degrees,  the  strength  and  direction  of  the 
wind  pattern,  the  variations  in  sea  temperature,  aLL  interpLay  to  produce  a 
very  complicated  moisture  pattern. 

Photographs  5A  through  5G  were  taken  at  the  Locations  shown  on 
Figure  20,  with  the  Latter  three,  E,  F,  and  G,  over  Cayman  IsLand.  These 
cLoud  pictures  cLearLy  support  the  weather  analysis,  and  5E  is  a  good  pre¬ 
sentation  of  a  weak  inversion  Layer  Looking  down  on  it  from  2500  meters. 
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SECTION  VII 


THE  TEMPORAL  AND  SPATIAL  VARIATIONS  OF  REFRACTIVIT Y 
IN  THE  AREA  OF  PUERTO  RICO 
(Mission  6,  14  March) 

Figure  21  shows  the  flight  plan  for  measurements  made  in  the  vicinity 
of  Puerto  Rico. 
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The  surface  weather  chart,  Figure  22,  shows  the  high  pressure 
system  centered  north  of  the  Caribbean  Sea  and  a  low  pressure  trough  in 
the  northeast  beginning  to  influence  the  area  east  of  Puerto  Rico. 

In  the  immediate  vicinity  of  Puerto  Rico  there  is  no  significant  in¬ 
fluence  from  either  system.  Therefore,  one  would  not  expect  any  degree  of 
spatial  variation  of  the  Trade  Wind  Duct  except  for  thermal  and  orographic 
effects  from  the  Islands.  Since  subsidence  is  not  pronounced,  the  inversion 
should  be  weak  and  possibly  non-existent.  The  winds  are  indicated  to  be 
light  and  from  the  south.  Therefore,  orographic  effects  should  be  minimal 
south  of  the  Island. 

Figure  23  shows  the  isopleths  of  refractivity  on  a  north- south  cross- 
section.  SpiraLs  A  and  B  bracket  the  Island.  Low-level  data  are,  of  course, 
missing  for  Spiral  A  since  it  was  flown  in  a  location  which  took  the  aircraft 
overland.  . 

Photographs  6A  and  6B,  taken  on  Spiral  B,  show  a  weak  inversion 
present  at  lower  altitude.  From  Figure  23,  this  effect  is  probably  around 
700  meters  above  sea  level. 


49 


B  666 


68 


66 


64 


SCALE  1:5,702,400  OR  90 MILES  TO  I  INCH 

,y  A,.,  I9Q 

STATUTE  MILES 
^  110  0  KILOMETER0  300 


FLIGHT  PATH  TC 
MISSION  6  —  14  MARCH  1969 


FIGURE  21. 


50 


A6945 


51 


FIGURE  22 

SURFACE  CHART  14  March  1969 


A7030 


6A  14  March  1969-SPIRAL  B 


6B  14  March  1969-SPIRAL  B-5K 


53 


Photographs  6C  and  6D,  taken  at  low-level  in  Spiral  C,  indicate  the 
presence  of  very  dry  air  with  no  noticeable  inversion  except  for  a  haze  layer. 

It  may  be  seen  that  the  isopleths  of  greatest  refractivity  near  the  sur¬ 
face  are  tending  to  be  lifted  by  the  presence  of  the  Island.  With  light  winds 
from  the  south  the  air  at  low-levels  would  be  expected  to  lift  as  the  Island  is 
approached.  This  effect  was  repeatedly  observed  in  Aruba  [Rowlandson,  1966]. 
At  higher  levels,  the  presence  of  the  Island  is  less  influential.  The  data 
along  the  vertical  direction  indicated  by  Spiral  B,  shows  a  strong  vertical 
refractivity  gradient  around  two  kilometers  because  of  the  upwelling  of  the 
lower  air.  Downwind  from  the  Island,  one  generally  encounters  a  low-level 
jet  which  is  produced  by  the  rapid  descent  of  low-level  air. 

Information  along  Spiral  D  indicates  a  convergence  of  isopleths 
between  1.  5  and  2  km  altitude  which  is  the  average  location  of  the  inversion. 
Toward  the  Island,  the  structure  becomes  wavy  producing  regions  of  high  and 
low  refractivity  gradients.  To  quote  from  the  Aruba  Investigations,  nThe 
turbulent  pattern  of  refractivity  produced  by  the  Island  creates  alternating 
regions  of  large  and  small  gradients.  M 

Figure  24  shows  the  refractivity  profiles  at  two  locations  along  the 
northern  coast  of  the  Island.  Spirals  A  and  F  are  almost  equally  displaced 
from  the  radiosonde  launch  station  at  San  Juan  Airport.  There  is  slight 
evidence  of  the  inversion  around  2.  3  km  which  the  radiosonde  does  not  detect. 
However,  the  turbulence  produced  by  the  Island  would  be  expected  to  destroy 
the  normal  inversion.  The  fact  that  Spirals  A  and  F  were  flown  at  the  ends 
of  the  Island  could  account  for  the  fact  that  some  semblance  of  the  inversion 
is  retained.  In  the  center  section,  at  San  Juan,  the  flow  of  air  over  the 
higher  land  would  create  stronger  turbulence,  possibly  accounting  for  the 
fact  that  the  radiosonde  did  not  observe  the  inversion.  Figure  25  shows  the 
isopleths  obtained  along  another  track  south  from  the  Island  and  running  to 
the  point  F,  east  of  the  Island.  This  track  remains  off  the  main  Island  and 
the  refractivity  structure  should  not  be  disturbed  by  orographic  effects.  In 
comparison  with  Figure  23,  the  isopleths  at  low  altitudes  do  not  rise  but 
remain  at  almost  constant  altitude  all  the  way  in  to  Spiral  F.  Between  0.  5 
and  1  km,  there  is  a  tendency  for  the  isopleths  to  lower  slightly.  This  could 
be  due,  in  part,  to  the  fact  that  the  divergent  flow  over  the  Island  will  tend 
to  produce  a  flow  of  air  in  from  the  Fast  and  West  directions.  Such  a  flow 
will  tend  to  reduce  the  level  of  any  particular  parcel  of  air.  For  example, 
the  Aruba  measurements  showed  that  the  inversion  tended  to  lower  as 
measurements  were  made  approaching  the  Island  normal  to  the  Trade  Wind 
flow. 
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It  is  interesting  to  look  at  the  cloud  structure  associated  with  this 
mission.  Photographs  6E  and  6F  were  taken  at  the  top  of  Spiral  F,  off  the 
east  end  of  the  Island.  Photograph  6E  shows  the  cloud  buildup  over  the 
Island  which  is  produced  by  thermal  convection  and  orographic  lifting  of  the 
air  flow  over  the  Island.  Photograph  6F  shows  the  normally  observed  thin 
layer  of  stratus  clouds  which  is  associated  with  the  inversion.  This  would 
indicate  that  the  inversion  was  formed  but  broken  by  the  presence  of  the 
Island. 

Photographs  6G  and  6H  indicate  that  Spiral  F  was  made  over  the  few 
Islands  lying  off  the  eastern  part  of  Puerto  Rico.  It  may  be  noticed  that  the 
sea-state  is  calm  and  that  the  surface  winds  were  necessarily  light. 

Photograph  61  is  a  very  good  example  of  the  generation  of  clouds  pro¬ 
duced  by  convection  and  orographic  activity  over  the  eastern  tip  of  the  Island. 
The  vertical  rise  of  mois ture -laden  air  during  the  period  of  greatest  thermal 
heating  usually  results  in  almost  daily  showers  in  the  high  elevations. 
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SECTION  VIII 


the  characteristics  of  the  trade  wind  duct  and 
ASSOCIATED  weather  FROM  SAN  JUAN  TO  GRAND  TURK 

(Mission  7,  17  March) 

Figure  26  shows  the  flight  plan  for  measurements  made  from  San 
Juan,  Puerto  Rico,  to  the  Grand  Turk  Island  in  the  Bahamas. 
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The  surface  weather  chart,  Figure  27,  shows  a  high  pressure  system 
just  northeast  of  the  flight  path.  This  would  cause  an  increase  in  subsidence 
as  the  system  moves  from  the  continent  (14  March)  into  its  present  position. 
Winds  along  the  track  are  from  the  east  to  southeast  from  the  Atlantic.  The 
subsidence  should  intensify  as  the  aircraft  moves  northward  and  closer  to  the 
center  of  the  system. 

Figure  28  shows  the  refractivity  isopleths  obtained  on  this  track.  The 
inversion  is  not  well  defined  anywhere  in  the  area  at  constant  altitude.  Initially, 
a  layer  is  present  around  3.  5  km  altitude  which  fluctuates  in  intensity  and  is 
absent  by  the  time  Spiral  D  is  reached.  Near  Grand  Turk,  a  weak  inversion 
is  indicated  around  1. 5  km  altitude. 

The  weather  profile  is  shown  on  Figure  29.  The  dry  air  aloft  is 
present  near  the  end  of  the  path  at  Grand  Turk.  Warm,  moist  air  is  present 
in  two  bands,  one  lying  under  one  km  altitude  (maritime  air)  and  a  second 
around  2.  3  km. 

Referring  to  the  previous  missions  surface  chart,  it  is  apparent  that 
the  high  is  replacing  the  air  aloft  with  dry  cool  air.  However,  the  trough 
extending  from  the  Dominican  Republic  on  14  March  had  produced  an  above 
average  water  load  in  the  atmosphere. 
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The  situation  presented  in  this  mission  is  one  of  normal  dry  air  ad- 
vection  replacing  warm,  moist  air  produced  by  a  low  pressure  trough.  Under 
these  conditions,  when  the  two  air  masses  are  mixing  midway  along  the  path, 
one  observes  an  unpredictable  pattern  in  the  water  vapor  distribution. 
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SECTION  IX 


THE  CHARACTERISTICS  OF  THE  TRADE  WIND  DUCT  AND 
ASSOCIATED  WEATHER  FROM  GRAND  TURK  TO  NASSAU 

(Mission  8,  18  March) 

Figure  30  shows  the  flight  plan  from  Grand  Turk  to  Nassau  on  18 

March. 
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The  surface  weather  map,  Figure  31,  shows  the  high  pressure  system 
in  almost  the  same  location.  One  would,  therefore,  expect  the  advection  of 
dry  cool  air  to  have  continued  from  the  previous  day  and  the  inversion  to  be 
much  better  defined. 

Figure  32  shows  the  refractivity  isopleths  and  it  is  clearly  evident 
that  the  Trade  Wind  Duct  is  well  formed  and  in  its  usual  location  around  1. 5 
km  altitude.  Its  altitude  decreases  toward  the  west  and  it  finally  dissipates 
in  the  vicinity  of  Nassau. 

The  weather  profile,  Figure  33,  shows  dry  subsiding  air  over  Grand 
Turk,  but  with  the  subsidence  intensity  falling  off  in  the  direction  of  Nassau. 
Warm,  moist  air  is  present  at  the  lower  altitudes  in  the  vicinity  of  Nassau. 

Referring  to  the  surface  chart,  a  low  pressure  system  with  a  trough 
through  Florida  is  clearly  causing  an  increase  in  the  water  load  of  the  upper 
air.  Its  effect  is  evident  at  Nassau  where  the  dry  air  is  being  under-run  with 
increasing  warm,  moist  air.  Increasing  cloudiness  at  the  higher  altitudes 
occurs  as  a  result  of  this  advection. 
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Photographs  8A  through  8C  show  little  cloud  formation  as  the  aircraft 
leaves  the  Grand  Turk  area.  In  fact,  8B,  taken  from  altitude  indicates  a 
haze  layer  associated  with  an  extensive  inversion  and  very  little  moisture 
present  at  low  levels.  Photograph  8D  was  taken  at  low-level  in  Spiral  C. 

The  air  is  dry  and  clear  with  very  thin  clouds  present.  The  moisture  and 
haze  layer  can  be  seen  when  looking  towards  the  horizon.  There  is  re¬ 
markably  little  vertical  advection  of  moisture  from  the  sea. 
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SECTION  X 


SPATIAL  VARIATIONS  OF  REFRACTIVITY 
IN  THE  vicinity  OF  KEY  WEST 
(Missions  9,  10,  11,  21  March) 

Figure  34  shows  the  position  of  three  spirals  located  along  a  line 
extending  east  from  Key  West,  for  Mission  9. 
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These  spirals  were  made  over  a  short  interval  of  time  in  which  case 
the  spatial  variation  of  refractivity  is  fairly  easy  to  define.  The  surface 
chart,  Figure  35,  shows  a  high  pressure  ridge  advancing  southeastward  in 
the  area.  The  low,  which  affected  the  previous  mission,  is  leaving  the  area 
and  heading  up  along  the  coast.  The  area,  on  18  March,  was  partly  under 
the  influence  of  the  high  to  the  northeast.  As  discussed  before,  the  effect 
of  this  high  at  Nassau  should  be  more  evident. 

Therefore,  the  area  of  Key  West  to  Nassau  is  not  only  becoming  more 
influenced  by  the  new  high  off  the  continent,  but  is  greatly  affected  by  the  high 
pressure  system  already  present  to  the  east.  One  would,  therefore,  expect 
the  inversion  to  be  well  formed  and  intensifying  with  time. 

Figure  36  shows  the  profiles  for  Mission  9.  The  Trade  Wind  Duct 
(or  Inversion)  exhibits  its  characteristic  features.  The  height  of  the  in¬ 
version  shows  some  slight  variation  and  is  weakening  toward  the  east.  At 
Key  West,  the  radiosonde  profile  compares  very  well  with  the  aircraft 
measurements.  Except  for  some  loss  of  detail  the  radiosonde  profile  could 
be  used  to  show  the  average  behavior  of  the  refractivity  with  height. 

Figure  37  shows  the  profiles  of  refractivity  approximately  five  hours 
later.  With  the  increase  in  therma.l  convection  the  height  of  the  layer  is 
greater  but  it  shows  a  tendency  to  lift  toward  the  east.  As  the  high  pressure 
system  intensifies  over  Key  West  and  the  high  to  the  east  moves  out,  one 
could  expect  such  a  sloping  tendency  to  occur.  In  comparison  with  the  1200  Z 
radiosonde,  one  can  see  the  increase  in  elevation  of  the  underlying  moisture 
layer  which  is  produced  by  thermal  convection. 
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FIGURE  37. 


Figure  38  shows  the  refractivity  structure  some  five  hours  later. 
The  layer  is  still  intense  and  as  evening  arrives,  the  thermal  convection 
subsides.  The  only  significant  effect  is  to  observe  the  rising  and  lowering 
of  the  air  by  thermal  convection.  Near  the  land,  as  the  air  cools  in  the 
evening,  a  cloud  deck  forms  as  the  maritime  air  mass  begins  to  sink. 
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SECTION  XI 


VARIATIONS  OF  REFRACTIVIT Y  IN  THE  KEY  WEST  AREA 
(Missions  12,  13,  and  14) 


11.1  Mission  12 


Figure  39  shows  the  flight  plan  for  Mission  12,  which  was  flown  during 
the  afternoon  of  23  March. 


Spiral  Start  Time 


Spiral 

location 

Z 

Local 

A 

a.  Key  West 

0712 

0212 

B 

b.  24-35  N,  82-37  W 

0748 

0248 

Climb 

1 

b  -c 

0806 

0306 

C 

c.  24-35  N,  83-32  W 

0828 

0328 

Climb 

2 

c-d 

0845 

0345 

D 

d.  24-35  N,  84-26  W 

0909 

0409 

Climb 

3 

d-e 

0926 

0426 

E 

e.  24-35  N,  83-03  W 

0952 

0452 

Climb 

4 

e  -f 

1011 

0511 

F 

f.  24-43  N,  81-04  W 

1043 

0543 

Climb 

5 

f-a 

1101 

0601 

G 

a.  Key  West 

1119 

0619 

Spiral  C  actually  lies  in  the  plane  through  d,  e,  and  b,  therefore,  it 
is  interesting  to  observe  the  variations  extending  through  a  vertical  plane 
from  d  to  f,  which  lies  north  of  Key  West. 

Referring  to  Figure  40,  the  surface  map  shows  the  area  of  Key  West 
still  under  the  influence  of  a  high  pressure  system.  A  low  to  the  northeast 
should  not  be  influential.  Figure  41  shows  the  five  profiles  taken  along  the 
d-f  plane,  all  recorded  within  a  few  hours.  The  layer  is  very  strong  to  the 
east  and  weakens  in  the  westward  direction.  The  greater  height  of  the  in¬ 
version  in  Spiral  B  (0748  Z)  could  be  accounted  for  because  of  the  greater 
thermal  convection  produced  in  the  early  afternoon.  Spiral  F,  on  the  other 
hand,  was  obtained  late  in  the  afternoon  when  the  effect  of  heating  is  de¬ 
creasing. 

In  Spiral  D,  the  layer  is  breaking  up  with  a  weak  lower  section  around 
1 . 2  km . 
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FIGURE  41. 


Comparing  D  and  C,  one  may  observe  the  increase  in  moisture  above 

I.  5  km,  which  produces  a  layer  at  2.  5  km  in  Spiral  D. 

Figure  42  shows  three  spirals,  C,  E,  and  A,  lying  along  a  diagonal 
roughly  forty-five  degrees  to  the  d-f  plane. 

The  increased  height  of  the  layer  at  A,  which  was  recorded  partly 
over  land,  shows  the  greater  thickness  of  the  maritime  layer  due  to  thermal 
conductivity.  Both  Spirals  E  and  A  remain  unaffected  by  the  presence  of  the 
low  pressure  system  to  the  northwest. 

Figure  43  shows  a  comparison  of  Spirals  A  and  G,  both  taken  at  Key 
West  but  four  hours  apart.  Except  for  a  slight  decrease  in  the  height  of  the 
layer  because  of  a  decrease  in  thermal  convection,  there  is  little  variation 
over  this  time  period.  The  radiosonde  presents  the  refractivity  gradient  at 
the  inversion  to  be  less  than  was  measured  by  the  aircraft  during  Spiral  G. 
During  the  initial  part  of  the  launch,  the  radiosonde  also  indicates  a  bulge, 
likely  due  to  higher  humidity. 

The  low  pressure  system  is  apparently  beginning  to  advect  moisture 
into  the  area  at  altitudes  around  2  km.  This  increase  in  moisture  is  due  to 
two  effects.  The  low  pressure  system  will  cause  an  advance  of  cold  moist 
air  into  the  area.  The  cooler  air  which  flows  cyclonically  around  the  low 
will  enhance  the  vertical  transport  of  water  vapor.  This  would  be  particularly 
effective  in  the  mid-northern  part  of  the  Gulf  where  cold  air  is  brought  down 
by  the  low  from  the  interior  of  the  continent. 

These  data  indicate,  as  before,  that  the  characteristic  Trade  Wind 
Duct  survives  only  under  conditions  where  the  air  aloft  is  very  dry  and  of 
great  horizontal  extent.  The  maritime  layer  is  constrained  from  rising  only 
by  a  few  degrees  increase  in  temperature  due  to  subsidence.^  This  com¬ 
bination  of  requirements  is  precarious. 

II. 2  Mission  13 


Mission  13  was  flown  on  24  March,  the  day  after  Mission  12,  and 
during  the  late  afternoon  to  early  evening  period.  Figure  44  shows  the  flight 
plan  was  the  same  as  for  Mission  12. 


89 


A  7093 


ABSOLUTE  FOR  SPIRAL  C 


FIGURE  42. 


HEIGHT  (METERS) 


A  7  I  09 


RADIO  REFRACTI VITY  (N  UNITS) 
ABSOLUTE  SCALE 


FIGURE  43 


SCALE  1:5,702,400  OR  90 MILES  TO  I  INCH 

I00_  50_  0  100  200  300 

STATUTE  MILES 

100  50  0  _  100  200  300  400 

"  KILOMETERS 


FLIGHT  PATH  Em 
MISSION  12  —  23  MARCH  1969 
MISSION  13  —  24  MARCH  19  69 
MISSION  14  —  25  MARCH  19  69 


FIGURE  44 


Spiral  Start  Time 


Spiral 

Location 

Z 

Local 

A 

a..  Key  West 

1132 

0632 
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c.  24-35  N,  83-32  W 
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Climb  2 
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0821 
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The  surface  map.  Figure  45,  shows  that  the  low  pressure  system  is 
intensifying  and  moving  rapidLy  eastward.  The  cold  wave  is  across  the 
northern  part  of  Florida  and  a  trough  extends  eastward  from  the  Carolinas. 
The  flow  of  air  is  now  from  the  south  in  the  Key  West  area  but  the  upper  air 
flow  would  be  tending  eastward. 

From  Figure  46  along  the  plane  d-e-b,  all  spirals  tend  to  show  that 
the  inversion  is  destroyed.  This  has  been  produced  largely  due  to  the  loss 
of  subsidence  of  dry  air  which  would  normally  create  the  temperature  in¬ 
version  and  constrain  the  maritime  layer.  Although  surface  winds  are  from 
the  south,  the  moisture  carried  into  the  air  is  raised  as  the  flow  continues 
northward.  Photograph  13C,  at  3  km  on  Spiral  B  (Figure  46),  shows  sub¬ 
stantial  moisture  aloft  and  developing  cumulus  on  the  horizon. 

Figure  47  shows  Spirals  E,  A,  and  F,  with  A  and  F  flown  some  hours 
apart  at  Key  West.  One  may  observe  an  indication  of  the  inversion  around 
700  meters,  but  it  is  very  weak.  Temporal  and  spatial  variations  are  not 
great  and  the  radiosonde  profile  represents  the  conditions  reasonably  well 
below  1000  meters.  The  lapse  rate  of  refractivity  shown  by  the  radiosonde 
is  much  greater  than  is  shown  by  the  aircraft  data  for  heights  from  800  to 
2500  meters.  A  lack  of  data  from  the  radiosonde  in  the  interval  between  800 
and  1000  meters  would  account  in  part  for  the  seemingly  greater  lapse  rate. 
On  Figure  47,  Photographs  13A,  B,  and  D  show  clouds  with  indications  of 
stratus  to  light  cumulus  aloft.  The  cloud  pictures  clearly  show  that  large 
quantities  of  moisture  are  aloft  through  13  March  as  the  low  pressure  system 
passes  across  the  northern  part  of  Florida. 

11.3  Mission  14 


Mission  14  was  flown  during  the  morning  of  25  March.  As  shown  on 
Figure  48,  the  flight  plan  was  similar  to  Missions  12  and  13  with  the  exception 
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that  Spiral  G  was  deLeted.  This  deLetion  permitted  the  aircraft  to  refueL  and 
return  to  Boston  within  the  aLLowabLe  fLight  hours. 
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Figure  49  shows  that  the  Low  pressure  system  is  intense  and  extends 
over  the  eastern  seaboard  and  the  northeast.  The  associated  coLd  air  ridge 
is  further  advanced  into  FLorida.  Winds  are  now  from  northwest  and  west 
in  the  Key  West  area.  To  the  east,  the  winds  are  from  the  south  and  south¬ 
east,  partLy  influenced  by  a  weak  high  pressure  celL  east  of  the  Keys. 

Figure  50  shows  that  the  inLand  storm  system  has  Less  effect  on  the 
area  and  one  may  detect  a  partiaL  res toration  of  the  Layer  in  Spirals  C  and  E. 
Further  to  the  west,  in  Spiral  D,  the  increased  presence  of  cooL  air  from  the 
northwest  prevents  the  formation  of  an  inversion.  SpiraL  C  shows  evidence 
of  the  Layer  forming  but  spatiaL  variations  are  obviousLy  stiLL  present  over  the 
area.  Photograph  14B  indicates  a  heavy  cLoud  deck  around  2500  meters  which 
accounts  for  the  bulge  in  the  refractivity  profiLe.  This  appears  to  be  a  LocaL 
effect  since  the  other  spiraLs  on  Figure  50  have  a  more  uniform  Lapse  rate 
at  this  height. 

Figure  51  shows  that  the  inversion  is  more  intense  in  the  direction 
southward  and  away  from  the  coLd  ridge.  Comparing  Spiral  F  with  A  and 
the  radiosonde  profiLe  one  may  see  the  effect  of  thermal  convection.  The 
radiosonde  presents  the  Layer  in  good  agreement  with  simultaneous  data, 
recorded  in  SpiraL  A.  In  the  overLand  Launch  area,  the  atmosphere  was 
obviousLy  much  Less  moist  than  over  the  sea  where  the  aircraft  measurements 
were  made. 

Photograph  14A,  taken  in  SpiraL  A  at  3000  meters,  shows  the  cloud 
deck  Lying  beiow  and  along  the  inversion.  This  cLoud  structure  is  character¬ 
istic  of  an  intense  inversion  where  stratus  cLouds  are  thick  and  extensive. 
Because  of  convection,  some  cLouds  puff  through  the  Layer. 
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It  is  rather  surprising  how  rapidly  the  characteristics  of  the  profiles 
change  in  moving  southward  and  away  from  the  cold  ridge.  As  was  mentioned 
before,  these  results  further  indicate  how  conditions  are  delicately  balanced 
to  produce  the  inversion  and  the  Trade  Wind  Duct. 
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SECTION  XII 


THF  CHARACTERISTICS  OF  ELEVATED  LAYERS 
MEASURED  DURING  THE  TEST  PERIOD 


During  the  period  from  6  March  through  25  March,  a  total  of  105 
separate  soundings  were  made  of  the  vertical  variation  of  refractivity.  This 
total  includes  both  spirals  and  the  climbs  made  between  spirals.  The  total 
number  of  appearances  of  elevated  layers  was  approximately  97.  These  97 
layers  were  selected  on  the  basis  that  the  M  profile  showed  a  negative 
gradient,  dM/dh,  and  this  gradient  persisted  over  at  least  50  meters  in  height. 


Figure  52  shows  the  parameters  used  to  define  the  layer  including  its 
height,  thickness,  and  the  magnitudes  of  the  gradients  on  its  lower  and  upper 
sides.  From  the  layer  characteristics  one  may  calculate  a  maximum  radio 
wavelength  which  could  propagate  in  the  layer.  The  layer  model  and  pro¬ 
cedure  is  based  on  the  analysis  by  Skillman  [July  19&9],  where  for  E  mode 
propagation, 


XE  =  XS  .  F 
max  max 


(6) 


and  X" 
whe  re 


max 


is  the  maximum  wavelength  for  propagation  in  a  surface  duct, 


max 


=  8/5  K  •  (SLr  •  dT3/3 


(7) 


where 


K  = 


2  (0.2)‘ 

3 


x  10‘ 


(8) 


and 

FE  =  1.5  (1  +-^1)  (9) 

and  Su  and  Sj^  is  the  gradient  of  the  upper  and  lower  boundaries  (Figure  52) 
and  drp  is  the  thickness  of  the  duct.  Also,  as  shown,  is  the  gradient  of 
the  surface  duct. 


The  following  table  summarizes  the  characteristics  of  the  97  layers 
which  were  selected  from  all  the  profiles.  The  maximum  propagation  wave¬ 
length  is  also  calculated  for  each  layer. 
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TABLE  I 

SUMMARY  OF  ELEVATED  DUCT  CHARACTERISTICS 


Mission 

Height  -  hd 

Thickness  -  dt 

SL 

XE 

max 

(Spiral/Climb) 

(Meters) 

(Meters) 

(M/km) 

(M/km) 

(Meters) 

Mission  1 

- 

Spiral  A 

2450 

50. 

67. 

182. 

3.85 

Spiral  B 

2380 

50. 

70. 

210. 

4.23 

Climb  1 

2250 

150. 

70. 

8. 

6.  13 

Spiral C 

1050 

50. 

66. 

230. 

4.  61 

Spiral C 

2000 

50. 

70. 

156. 

3.  42 

Mission  2 

Spiral  A 

1000 

50. 

65. 

450. 

8.  08 

Climb  1 

900 

100. 

52. 

64. 

5.76 

Climb  1 

2200 

75. 

64. 

140. 

5.  93 

Spiral  B 

1000 

150. 

70. 

10. 

6.  28 

Climb  2 

1000 

40. 

70. 

296. 

3.  96 

.  Spiral  C 

950 

150. 

50. 

80. 

12.  08 

Climb  3 

1000 

150. 

55. 

20. 

6.  65 

Climb  3 

2400 

100. 

200. 

53. 

6.  40 

Spiral  D 

1000 

110. 

60. 

62. 

6.  50 

Spiral  E 

1000 

50. 

20. 

300. 

9.  05 

Mission  3 

Climb  1 

900 

260. 

46. 

42. 

19-46 

Spiral  C 

700 

210. 

65. 

63. 

17.  29 

Climb  2 

650 

100. 

71. 

260. 

14.  05 

Spiral  D 

640 

120. 

83. 

100. 

9.  45 

Climb  3 

700 

80. 

60. 

156. 

7.  14 

Mission  4 

Spiral  A 

600 

150. 

70. 

35. 

8.  25 

.  Climb  1 

850 

50.. 

64. 

132. 

3.10 

Spiral  B 

1650 

90. 

50. 

50. 

4.  32 

Climb  2 

1550 

90. 

55. 

112. 

6.  88 

Spiral C 

1310 

180. 

63. 

50. 

12.  30 

Climb  3 

1300 

90.  '  • 

63. 

138. 

7.  74 
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TABLE  I  (Cont'd.  ) 


Mission 

Height  - 

Thickness  -  dt 

SL 

Su 

XE 

max 

(Spiral/Climb) 

(Meters) 

(Meters) 

(M/km) 

(M/km) 

(Meters) 

Mission  5 

Spiral  B 

2450 

150. 

96. 

32. 

8.  59 

Spiral  C 

2250 

50. 

64. 

120. 

2.91 

Climb  3 

2100 

80. 

64. 

77. 

4.  51 

Spiral  D 

1100 

150. 

71. 

34. 

8.  19 

Mission  6 

Spiral  B 

1900 

300. 

59. 

12. 

17.  18 

Spiral  C 

1600 

40. 

60. 

255. 

3.  68 

Climb  2 

600 

30. 

60. 

280. 

2.  58 

Spiral  D 

500 

10. 

52. 

500. 

.  87 

Spiral  D 

1550 

50. 

76. 

55. 

1. 90 

Spiral  D 

1900 

20. 

72. 

500. 

2.  16 

Spiral  E 

270 

50. 

64. 

210. 

4.  33 

Spiral  E 

1800 

270. 

61. 

24. 

17.  27 

Climb  4 

310 

10. 

no. 

500. 

.  66 

Spiral  F 

2130 

120. 

81. 

20. 

5.  28 

Mission  7 

Spiral  A 

2400 

200. 

53. 

44. 

13. 48 

Spiral  B 

2550 

20. 

47. 

392. 

2.  05 

Spiral  C 

1450 

100. 

66 . 

170. 

10.  39 

Spiral  C 

2100 

210. 

76. 

26. 

12.  74 

Climb  2 

1000 

80. 

75. 

143. 

6.  44 

Climb  2 

2140 

30. 

70. 

300. 

2.  60 

Climb  2 

2300 

100. 

60. 

80. 

6.  47 

Spiral  D 

1150 

25. 

60. 

162. 

1. 28 

Spiral  D 

2500 

25. 

35. 

500. 

4.  04 

Climb  3 

575 

50. 

75. 

102. 

2.  59 

Climb  3 

1050 

75. 

75. 

62. 

3.  68 

Climb  3 

2450 

150. 

62 . 

16. 

6.  51 

Spiral  E 

700 

150. 

70. 

22. 

7.  23 

Spiral  E 

2000 

100. 

111. 

20. 

4.  45 

Spiral  F 

1280 

380. 

63. 

12. 

25.  04 

110 


TABLE  I  (Cont'd.  ) 


Mission 

(Spiral/Climb) 

Height  - 
(Meters) 

Thickness  -  dj- 
(Meters) 

SL 

(M/km) 

Su 

(M/km) 

XE 

A  max 
(Meters) 

Mission  8 

Spiral  A 

1630 

180. 

58. 

102. 

18.  15 

Spiral  B 

1570 

110. 

60. 

246. 

16.  31 

Climb  1 

1460 

150. 

40. 

38. 

8.  11 

Spiral  C 

480 

50. 

58. 

131. 

3.  14 

Spiral  C 

1100 

170. 

54. 

55. 

11. 76 

Climb  2 

480 

40. 

36. 

169. 

3.  09 

Climb  2 

1080 

130. 

55. 

96. 

10.  80 

Spiral  D 

1000 

140. 

65. 

47. 

8.  23 

Climb  3 

900 

130. 

81. 

78. 

9.  37 

Mission  9 

Spiral  A 

1260 

10. 

54. 

500. 

.  85 

Spiral  A 

1450 

90. 

74. 

26. 

3.  55 

Spiral  B 

1600 

190. 

65. 

40. 

12.  20 

Climb  1 

1550 

140. 

65. 

46. 

8.  16 

Spiral  C 

1550 

100. 

57. 

74. 

6.  21 

Mission  10 

Spiral  A 

1400 

100. 

54. 

68. 

5.  94 

Spiral  A 

1620 

130. 

75. 

44. 

7.  29 

Climb  1 

1550 

320 

52. 

8. 

17.  04 

Spiral  B 

1680 

160. 

55. 

44. 

9.  67 

Climb  2 

1550 

250. 

74. 

21. 

15.  62 

Spiral  C 

1500 

100. 

50. 

70. 

6.  07 

Mission  1 1 

Spiral  A 

1350 

150. 

70. 

35. 

8.  25 

Climb  1 

1400 

300. 

48. 

11. 

15.  83 

Spiral  B 

1740 

130. 

64. 

192. 

16.  97 

Spiral  C 

850 

260. 

65. 

12. 

14.  33 

Spiral  C 

1400 

150. 

71. 

50. 

9.  44 
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TABLE  I  (Cont'd.  ) 


Mission 

Height  -  h<j 

Thickness  - 

SL 

su 

XE 

max 

(Spiral/Climb) 

(Meters) 

(Meters 

(M/km) 

(M/km) 

(Meters) 

Mission  1Z 

Spiral  A 

1550 

150. 

102. 

90. 

12.  50 

Spiral  B 

1700 

110. 

46. 

192. 

14.  48 

Climb  1 

1580 

140. 

53. 

127. 

14.  65 

Spiral  C 

1600 

50. 

39. 

265. 

6.  16 

Climb  2 

1360 

140. 

69. 

151. 

15.  70 

Spiral  D 

1140 

100. 

50. 

1 12. 

8.  20 

Spiral  D 

2400 

110. 

75. 

123. 

9.  44 

Climb  3 

1230 

120. 

57. 

80. 

8.  53 

Spiral  E 

1300 

80. 

35. 

216. 

10.  86 

Climb  4 

700 

50. 

56. 

115. 

2.  89 

Climb  4 

1440 

1 60. 

56. 

177. 

22.  54 

Climb  5 

620 

70. 

85. 

1 12. 

4.  48 

Climb  5 

1350 

110. 

71. 

116. 

9.  16 

Spiral  G 

1280 

150. 

55. 

122. 

15.  69 

Spiral  D 

750 

110. 

57. 

75. 

7.  22 

Mission  13 

Spiral  A 

1380 

240. 

58. 

28. 

15.  02 

Climb  4 

1500 

210. 

59. 

23. 

11. 62 

Mission  14 

Spiral  F 

1600 

60. 

70. 

340. 

8.  15 
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Figure  53  shows  the  distribution  of  ducting  gradient  values  (dM/dh) 
versus  the  thickness  of  each  respective  duct.  For  the  usual  layer,  the  air 
below  the  inversion  can  at  most  be  saturated  with  moisture  and  the  air  above 
very  dry.  Therefore,  the  vapor  pressure  reduction  ,  de/dh,  through  any 
layer  is  limited.  Then  it  is  reasonable  to  expect  that  the  M  gradient  which 
is  almost  directly  proportional  to  the  vapor  pressure  gradients  will  vary  in¬ 
versely  with  the  layer  thickness. 

From  the  above  figure,  an  approximate  relationship  is 

dM/dh  =  12.  5/dt  (10) 

and 


dt  =  the  ducting  gradient  thickness  (km) 

For  these  same  data,  Figure  54  shows  the  gradient  distribution  in 
terms  of  its  probable  maximum  values. 

From  Figure  55  it  is  apparent  that  there  is  some  apparent  correla¬ 
tion  between  the  intensity  of  the  gradients  and  their  heights.  On  this  scatter 
diagram,  there  is  a  tendency  for  most  of  the  measured  gradients  to  lie  with¬ 
in  the  height  interval  between  1000  to  1600  meters. 

The  ducting  layer  heights  are  shown  in  Figure  56  in  terms  of  expected 
maximum  height.  The  indication  is  that  it  is  better  than  50  percent  probable 
that  the  layers  will  lie  above  1400  meters.  However,  very  few  layers  were 
above  2000  meters. 

Dougherty  (1967)  shows  in  February  that  the  mean  base  height  of  the 
inversion  is  about  2500  meters  in  the  approaches  to  the  Caribbean  from  the 
east.  Our  measurements  (Rowlandson,  et  al,  1969,  1970)  show  the  inversion 
and  most  other  layers  to  be  at  a  lower  level  in  March.  However,  climato¬ 
logical  conditions  change  sufficiently  from  month  to  month  and  year  to  year 
that  it  is  not  unexpected  that  there  would  be  some  differences. 

Figure  57  shows  the  scatter  of  duct  thicknesses  versus  their  respective 
heights.  There  appears  to  be  a  concentration  of  thicknesses  around  125 
meters  between  1000  and  1600  meters.  Dougherty  (1967)  gives  a  mean  layer 
thickness  of  about  210  meters  in  the  eastern  end  of  the  Caribbean.  Even 
attempting  to  correct  for  the  lag  constants  in  the  radiosonde  data,  Dougherty's 
results  are  larger  than  the  measurements  made  by  the  microwave  refracto- 
meter.  Of  course,  Dougherty's  results  are  related  to  the  properties  of  the 
inversion,  whereas  we  included  the  combined  effect  of  all  measured  layers. 
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FIGURE  57 


Figure  58  shows  the  layers,  in  total,  were  hardly  ever  thicker  than 
300  meters  and  that  only  50  percent  of  the  cases  exceeded  about  100  meters. 

For  radio  propagation,  we  are  very  interested  in  the  critical  wave¬ 
lengths  which  can  be  propagated  in  these  ducts.  Figure  59  shows  the  proba¬ 
bility  that  a  given  wavelength  exceeds  some  critical  value.  For  example,  the 
results  show  that  for  50  percent  of  the  cases  a  wavelength  of  eight  meters  (or 
less)  could  be  used  for  ducting  propagation. 

From  CRPL  ray-traced  data  (Bean  and  Thayer,  1050),  the  local 
elevation  angle  of  a  ray,  launched  at  zero  initial  elevation  angle,  is  around 
14.  6  mr  at  a  height  of  one  kilometer.  This  is  for  a  surface  refractivity 
value  of  344.  5  N  units  not  unlike  the  surface  conditions  experienced  in  the 
Caribbean. 


For  a  layer  within  which  the  gradient  is  constant,  one  may  determine 
the  magnitude  of  this  gradient  to  produce  ducting  (Bean  and  Dutton,  1966, 

p.  82). 


If  0X  is  the  local  elevation  angle  into  the  layer,  then  the  exit  angle, 
0J3 ,  is  given  approximately  by 


©a  «  [©i2 


2  DH 
4* 

r0 


2  DN 

106  J 


(ID 


where  angles  are  in  radians  and 


DH  =  the  thickness  of  the  layer 

DN  =  the  change  in  refractivity,  N,  through  the  layer 
r0  =  the  earth  radius 


Setting  8a  equal  to  zero,  for  ducting  to  be  produced,  then 

-dN  e,3  x  10°  106 

dh  2  DH  r0  1  ' 

On  the  average,  the  elevated  layer  thickness  is  about  100  meters. 

For  a  local  elevation  angle  of  14.  6  mr,  then  from  Equation  (12)  we  can  com¬ 
pute  the  gradient  required  to  produce  ducting,  assuming  the  wavelength  is 
small  enough.  This  gives 


-dN 
'  dh 


=  73  +  157  N  units/km 


(13) 
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PERCENT  PROBABILITY  THAT  X  IS  EXCEEDED 


The  157  value  is  commonly  known  as  the  magnitude  of  the  gradient 
required  to  trap  a  signal  entering  the  layer  tangentially.  That  is,  the  ray 
continues  to  propagate  with  a  radius  of  curvature  essentially  equal  to  that  of 
the  true  earth.  In  the  above  calculation,  an  additional  negative  gradient  of 
73  N/km  is  required  to  turn  the  ray  downward  and  direct  it  tangential  to  the 
layer. 


From  Figure  54,  for  a  100  meter  layer  thickness,  it  may  be  seen 
that  half  of  the  cases  have  gradients  sufficiently  large  to  produce  ducting  for 
a  ray  launched  tangentially  from  the  earth  and  providing  from  (6)  the  wave¬ 
length  is  sufficiently  small.  From  (12)  it  is  apparent  that  the  gradient  re¬ 
quired  to  produce  a  tangential  ray  into  the  layer  increases  as  the  square  of 
the  initial  local  elevation  angle  when  the  ray  enters  the  layer  Therefore, 
from  the  results  shown  on  Figure  54,  it  is  highly  unlikely  that  any  ray  would 
be  trapped  other  than  an  earth-tangent  ray.  The  most  consistent  method  for 
beyond-the -horizon  propagation  mode,  for  a  ground-to-ground  radio  link, 
then  appears  to  be  by  reflections  of  part  of  the  radio  signal  from  these 
elevated  layers. 
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SECTION  XIII 

RADIOSONDE  LAG  CONSTANTS 


The  index  of  ref ractivity,  N,  obtained  from  radiosonde  measurements 
is  in  error  for  two  reasons.  The  absolute  accuracy  of  measurements  of  air 
pressure,  temperature,  and  relative  humidity  is  limited.  The  International 
Radiosonde  Comparison  Tests  [Cline,  1957],  indicated  the  following  probable 


absolute  errors. 

Air  Temperature 

±  1. 5°  C  for  night  flights 
±  3.  5°  C  for  day  flights 

Air  Pressure 

Negligible  error  below  1  km 
±1.5  mb  above  9  km 
±2.  5  mb  above  16  km 

Relative  Humidity 

15%  standard  deviation  about  the  mean 
for  all  flights 

The  U.  S.  Air  Force  and  U.  S.  Army  Signal  Corps  report  different 
operation  for  American  radiosondes,  giving 


Air  Temperature 

0.  8°  C  standard  deviation  to  6  km 

1 . 0°  C  standard  deviation  above  6  km 

Air  Pressure 

2.  2  mb  standard  deviation  below  9  km 

1.  1  mb  standard  deviation  above  9  km 

Relative  Humidity 

5%  standard  deviation  for  the  lithium 
chloride  sensors  under  ideal  conditions. 

Ideal  conditions  are  defined  where  the  relative  humidity  is  less  than 
95%,  there  is  no  direct  wetting  of  the  element,  and  the  air  temperature  is 
above  freezing. 

Bean  and  Dutton  (1966)  show  a  three-dimensional  presentation  of  the 
effect  of  these  combined  errors  in  the  accuracy  of  radio  refractivity,  N. 
This  diagram  is  reproduced  in  Figure  60  and  is  constructed  for  the  above 
American  radiosonde  error  data,  below  6  km. 

To  a  first  approximation,  the  error  in  the  vapor  pressure  can  be 


found  from 

Ae  -[es  (T)]  •  ARH 

(14) 

123 


A  7  I  3  9 


1N3W3UDSV3W  3dDSS3Ud  HOdVA  d31VM  Nl  dOdd3 

(quj)  ay 


124 


FIGURE  60. 


where  eg  (T)  is  the  saturated  vapor  pressure  for  air  at  temperature,  T,  and 
one  may  write  [Skillman,  1969], 

es  (T)-  6.  032  exp  (0.  0689T)  (15) 

where  the  air  temperature,  t,  is  in  degrees  Centigrade, 

13.1  Absolute  Errors 


For  the  flights  made  during  March  in  the  Caribbean  area,  let  the 
average  height  of  the  inversion  be  2  km  with  an  air  temperature  of  15  degree  s 
Centigrade.  Then,  from  (15)  take  the  saturated  vapor  pressure,  es  (15)  to  be 
16.  3  mb.  Smithsonian  Tables  give  a  value  of  17  mb,  which  is  close  enough 
in  agreement. 


Then,  for  a  5%  standard  deviation,  using  American  data  for  the 
lithium  chloride  element,  the  vapor  pressure  error,  from  (14)  is 

Ae  (standard  deviation)  ~  0.  815  mb 

From  the  equation  for  N,  one  may  write 


dN  = 


SN 

ST 


dT  + 


6N 

de 


de  + 


6N 

dP 


dP 


(16) 


The  partials  are  replaced  by  constants  which  were  derived  from  the 
ICAO,  standard  atmosphere  and  assuming  a  60  percent  relative  humidity. 

At  one  km,  altitude  (Bean  and  Dutton,  1966,  Table  1.5,  p  11) 


a  =  -  1.09°  K"1 

(17) 

b  =  ~  4.  72  mb”1 

oe 

(18) 

c  =  ~  0.  28  mb'1 

(19) 

Then,  for  the  rms  is 

AN  =  [(a  •  AT)2  +  (bAe)3  +  (c--  Ap)3]^. 

(20) 
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For  American  radiosonde  take 


AT  =  0.  8°  K 
Ae  =  0.815  mb 
AP  -  2.  2  mb 


then  from  (20) 

AN  ~  4  N  units,  rms 

assuming  no  errors  in  the  equation  for  N,  itself. 

The  reader  is  advised  to  refer  to  Bean  and  Dutton’s  book  (1966)  for  a 
comprehensive  discussion  of  these  absolute  errors  for  a  wide  range  of  con¬ 
ditions  . 

13.2  Relative  Errors 

Barring  erratic  operation  of  the  radiosonde  elements  and  their  as¬ 
sociated  electronic  circuitry,  it  is  unreasonable  to  assume  that  the  rms 
error  will  be  both  positive  and  negative  with  equal  probability.  In  any  one 
launch  the  sensor  would  likely  be  biased  in  one  direction  over  a  given  height 
interval.  The  immediate  conditions  of  the  environment  could  produce  such 
a  bias,  such  as  occurs  when  the  lithium  chloride  element  becomes  wetted. 

For  radio  propagation  studies,  the  N  gradient  is  of  primary  importance 
Therefore,  if  the  radiosonde  elements  are  biased  during  the  height  interval 
of  a  layer  the  measurement  of  the  N  gradient  would  not  be  seriously  affected. 
The  humidity  measurement  error,  from  (18)  clearly  contributes  most  to  the 
error  in  N.  It  is  also  unfortunate  that  humidity  sensors  respond  slowly  to 
their  environment  in  comparison  with  temperature  and  pressure  measuring 
devices.  The  lag  constant  of  humidity  elements  and  their  compensation  in 
data  reduction  has  been  extensively  investigated  [Middleton  and  Spilhaus,  1953] 

If  it  is  assumed  that  the  lag  constant  is  not  a  function  of  the  environ¬ 
ment,  but  is  some  constant,  for  example,  three  or  five  seconds,  then  it  is 
shown  that 


d0L 

dt 


6e> 


(21) 
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where 


9^  =  the  indicated  value  of  a  parameter 

0e  =  the  true  free  air  value 
X  =  the  lag  constant. 

This  equation  may  be  recognized  from  another  field  as  Newton’s  law 
of  cooling,  where  the  rate  of  change,  dG^/dt,  of  the  temperature  of  a  body  is 
proportional  to  the  difference  between  the  environmental  temperature,  Qe, 
and  the  instantaneous  body  temperature,  0^. 

From  Bean  and  Dutton,  1966, 


dQj 

_  d9i 

.  dh 

(22) 

dt 

dh 

dt 

II 

•  R 

(23) 

dh 

where  R  is  the  supposedly  uniform  ascent  rate  of  the  radiosonde.  Then, 
from  (21),  combining  and  rearranging, 

6e=9i  +  (24) 

The  radiosonde  reports  from  point-to-point  and  within  any  height 
interval,  dh,  we  can  assume  that,  dG^/dh,  is  constant.  For  computational 
purposes  write 


®e,  k+i  ”  ®i,  k+i  + 


9i.-kfi  9i,.k 

hk+i  '  hk 


whe  re 


(25) 


9e,k+i  =  *he  true  free  air  variable  at  height,  k+1 
9i,k+i  =  the  indicated  value  at  height,  k+1 

9i,  k+i  "  ®i,  k  =  the  change  in  the  indicated  value  over  the  height 
interval,  h^+i  -  h^. 


127 


Starting  at  the  launch  height,  if  X  and  R  are  known  it  should  then  be 
possible  to  adjust  the  radiosonde  data  within  each  height  section  defined  by 
radiosonde  reports. 

Wexler,  (1949,  shows  that  the  lag  constant  of  the  humidity  sensor  is 
not  really  constant,  but  is  a  function  of  the  environment.  Bunker,  (1953), 
reports  similar  effects. 

It  is  apparent  that  the  correction  of  radiosonde  data  through  the  use 
of  (25)can  be  thwarted  by  the  dynamic  behavior  of  the  lag  constant,  X,  changes 
in  the  ascent  rate,  R,  of  the  radiosonde  and  uncertainty  in  the  measurement 
of  indicated  data.  As  noted  by  Bean  and  Dutton  (1966),  n.  .  .  it  is  not  clear 
that  any  correction  for  sensor  lag  may  be  made  above  the  initial  layer  since, 
for  subsequent  layers,  the  initial  indicated  and  environmental  values  are  not 
identical  and,  further,  lag  constants  have  not  been  determined  for  this  case.  11 

However,  Dougherty,  et  al,  (1967),  reported  a  correction  method  which 
includes  the  variation  of  the  lag  constant  for  the  humidity  sensor,  Xj^pj,  based 
on  Wexler’s  studies.  The  reader  is  advised  to  review  this  approach  since  it 
represents  a  workable  method  which  was  used  to  obtain  corrected  inversion 
characteristics  in  the  Trade  Wind  System.  For  convenience,  the  particular 
method  used  by  Dougherty,  et  al,  is  presented  in  Appendix  A. 

13.3  Summary 

An  examination  of  radiosonde  and  airborne  ref ractometer  profiles 
presented  earlier,  clearly  shows  how  difficult  it  is  to  obtain  a  standard 
against  which  to  compare  corrected  radiosonde  data.  The  aircraft  covers  a 
large  horizontal  area  as  it  spirals  in  its  ascent.  Therefore,  horizontal 
variations  in  refractivity,  which  are  seen  to  be  many  N  units,  do  not  permit 
the  refractometer,  in  this  case,  to  be  used  as  a  standard.  The  large  dif¬ 
ferences  between  radiosonde  and  aircraft  measurements  near  the  launch 
altitude  may  be  attributed  to  these  horizontal  variations  or  to  not  bringing 
the  radiosonde  sensors  into  equilibrium  with  the  local  environment  prior  to 
launch. 


The  greatest  errors  should  occur  when  the  relative  humidity  is  high. 
In  this  case,  the  probable  occurrence  of  clouds  or  haze  would  restrict  the 
ability  of  the  aircraft  pilot  to  observe  the  position  of  the  radiosonde  as  it 
ascends . 

It  is  virtually  impossible  to  simulate  in  an  environmental  chamber  the 
rapidly  varying  conditions  that  the  radiosonde  elements  meet  in  flight. 
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The  approach  taken  by  Dougherty,  et  al,  to  correct  the  data  based  on 
the  best  available  behavior  of  the  elements  under  laboratory  conditions  would 
appear  to  be  meaningful.  However,  there  was  not,  for  practical  reasons 
cited  above,  any  attempt  to  demonstrate  that  these  corrected  values  agreed 
with  the  actual  environmental  conditions. 

It  seems  reasonable  that  a  comparison  can  be  made  by  passing  ducted 
air  through  the  refractometer  cavity,  then  into  the  radiosonde  sensors.  This 
package  could  be  carried  by  an  aircraft  and  the  effect  of  aircraft  speed  on  the 
radiosonde  sensors  made  part  of  the  calibration  study. 
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SECTION  XIV 


METEOROLOGICAL  analysis  and  related 
INVERSION  CHARACTERISTICS 
ALONG  TWO  PLANES  IN  THE  CARIBBEAN 

The  temperature -moisture  characteristics  in  the  lower  four  kilometers 
of  the  atmosphere  are  related  to  the  sun's  heating  effects,  the  land -water 
geography,  and  the  large  and  small  scale  wind  flow  patterns. 

Specifically,  the  sun's  rays  are  absorbed  into  a  deep  layer  of  water 
and  give  slow  daily  temperature  changes,  while  land  masses  are  heated  in 
a  shallow  layer  with  larger  diurnal  changes.  Heat  exchange  over  water  in 
tropical  areas  is  steady  and  slow  except  in  tropical  storms,  while  over  land 
it  is  rapid  with  significant  diurnal  effects.  Wind  flow  is  in  the  form  of  air- 
mass  movement  and  frontal  activity,  trade  winds,  convergence,  and  divergence 
of  specific  air  streams,  and  the  interim  development  of  tropical  disturbances 
such  as  easterly  waves  and  tropical  cyclone  s. 

The  state  of  the  atmosphere  over  the  Caribbean  area  is  undergoing 
continuous  change  and  exhibits  large  and  small  variations  in  moisture  and 
temperature  distribution.  Over  a  five  day  period,  the  following  cross- 
sections  have  been  analyzed  to  show  some  of  the  states  and  changes  that  are 
observed.  The  two  planes  that  are  depicted  are  north-south  from  Jacksonville, 
Florida,  to  Allbrook  Air  Force  Base,  Panama,  and  are  west-east  from 
Merida,  Mexico,  to  Guadelupe,  by  way  of  Grand  Turk.  Discussions  follow 
for  each  rout  e  . 

1  4.  l  Jacksonville,  Florida,  to  Allbrook  Air  Force  Base,  Panama 

17  March  1969,  1200  Z.  The  moist,  cloudy,  rainy  conditions  from 
Jacksonville  to  Cape  Kennedy  are  related  to  a  cold  front.  You  see  a  sub¬ 
sidence  inversion  and  dry  layer  at  three  kilometers  from  Miami  to  the 
vicinity  of  Cuba.  South  of  Cuba  to  the  vicinity  of  Swan  Island  is  an  area  of 
convergence  and  rising  air  that  has  lifted  moisture  above  three  kilometers. 
From  Swan  Island  to  Allbrook  Air  Force  Base,  there  is  the  typical  trade 
wind  situation  with  a  temperature  inversion  and  dry  air  layer  about  two 
kilometers . 

18  March, 1969,  1200  Z.  Rapid  wave  cyclone  development  over  the 
Gulf  of  Mexico  has  surged  warm  air  over  a  warm  front  lying  north  of  Miami 
with  relatively  moist  air  to  above  three  kilometers.  The  relatively  light 
winds  and  tropical  air  mass  over  southern  Florida  is  moist  from  two  kilo¬ 
meters  to  the  surface  while  a  typical  dry  situation  continues  to  exist  above. 


131 


MARCH  17.  1969  I200Z 


vO 

W 

cJ 

0 

t-t 

Ui 


132 


133 


m  O  w  O  «o  o  «o 

ro  k>  <\j  c\j  —  -  o  O 


8  *2 


:  5 

—  ”  o 


134 


FIGURE  63. 


A  large  area  south  of  Cuba  continues  quite  moist.  Note  that  the  Swan  Island 
three  kilometer  wind  has  increased  and  become  southerly.  From  Swan  Island 
to  Allbrook  Air  Force  Base  there  continues  to  be  a  warm  dry  layer  above 
1 . 5  kilometers. 

19  March  1969,  1200  Z.  A  cold  front  has  pushed  across  Florida  and 
rests  over  Cuba.  Dry  continental  air  is  in  evidence  over  northern  Florida 
while  warm,  moist  air  remains  aloft  over  southern  Florida  with  the  previous 
dry  air  pushed  southward  and  aloft.  Moist  air  continues  over  Grand  Cayman 
while  moisture  has  made  inroads  into  the  air  over  Swan  Island.  The  typical 
structure  of  the  Trade  Winds  over  Allbrook  Air  Force  Base  is  now  broken 
by  a  moist  layer  from  2  to  2.  5  kilometers. 

20  March  1969,  1200  Z.  Over  all  of  Florida  and  Cuba  there  is  dry 
continental  polar  air  with  moistening  beginning  to  develop  below  1.  5  kilo¬ 
meters.  The  cold  front  is  becoming  weak  and  slow  moving  to  the  south  of 
Cuba  and  leaves  this  area  in  deep  moisture.  The  southerly  components  to 

the  3  kilometer  winds  at  Swan  Island  and  Allbrook  Air  Force  Base  are  evidence 
of  convergence  and  show  expected  increase  in  moisture. 

21  March  1 9 69 »  1200  Z.  The  dry  air  over  Florida  and  Cuba  continues 
to  moisten  at  low  levels  and  the  cold  front  is  washing  out  near  Grand  Cayman. 
The  Trade  Winds  are  now  quite  weak  and  the  tropical  inversion  is  now  poorly 
defined  and  relatively  high. 

14.  2  Merida,  Mexico,  to  Guadelupe  by  Way  of  Grand  Turk 

17  March  19&9,  1200  Z.  On  this  date  this  lengthy  route  is  primarily 
in  tropical  easterly  winds  and  deep  moisture.  Swan  Island  is  dry  above  1.  5 
kilometers  but  southeasterly  winds  can  be  expected  to  thicken  the  moist 
layer.  The  land  chain  of  Cuba,  Haiti,  and  Puerto  Rico  divides  a  zone  of 
convergence  and  deep  moisture  as  found  at  Grand  Cayman  and  divergence  and 
very  dry  air  from  1. 5  kilometers  and  above  as  seen  at  Grand  Turk.  The 
remainder  of  the  route  has  a  typical  Trade  Wind  subsidence  layer  above  2 
kilometers . 

18  March  1969,  1200  Z.  A  cold  front  with  deep  moisture  is  over 
Merida  and  the  south  to  southeast  winds  have  not  yet  lifted  the  dry  air  over 
the  Swan  Island  area.  The  great  contrast  of  moisture  distribution  continues 
on  the  south  and  north  sides  of  the  land  chain.  The  eastern  portion  of  the 
route  maintains  typical  Trade  Wind  characteristics. 
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19  March  19&9,  1200  Z.  The  cold  front  is  well  east  of  Merida  and  is 
washing  out  over  the  warm  Caribbean  waters.  The  moisture  is  increasing 

at  Swan  Island.  Ahead  of  the  front,  winds  aloft  at  Grand  Cayman  have  shifted 
to  southwest  and  the  airmass  is  dryer.  Also  at  Grand  Turk,  westerly  winds 
are  breaking  the  dry  air  into  layers.  The  eastern  part  of  the  route  has  in¬ 
creased  subsidence  that  is  lowering  the  level  of  dry,  warm  air  and  this  is 
associated  with  a  shift  to  light  northwest  winds  at  3  kilometers. 

20  March  1969,  1200  Z.  Dry  air  has  established  itself  at  three  kilo¬ 
meters  over  Merida  in  a  westerly  flow  aloft,  while  moisture  and  clouds  have 
saturated  all  of  the  Swan  Island  and  Grand  Cayman  region.  Westerly  flow 
over  the  Grand  Turk  area  has  moistened  the  air  to  2  kilometers  and  it  remains 
very  dry  above.  The  interruption  in  the  easterlies  has  affected  the  Puerto 
Rico  area  with  some  decrease  in  moisture  gradients. 

21  March  1969,  1200  Z.  Easterlies  are  gradually  returning  to  all 
sections  of  the  route  except  Grand  Turk  with  more  typical  moisture  and  dry 
layers  prevailing. 

12.3  Summary 

In  a  general  way,  the  thermal-moisture  characteristics  of  the  lower 
atmosphere  can  be  analyzed  and  explained.  For  small  variations  in  analysis 
and  for  forecasting  it  would  be  necessary  to  have  more  radiosonde  observa¬ 
tions  and/or  aircraft  spiral  data.  Regular  twice-daily  analyses  could  then 
keep  very  close  track  of  the  Trade  Wind  subsidence  inversion  and  other  details. 
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FIGURE  64 


MARCH  19.  1969  12002 


2 

3 

< 

ao  a 
r-  < 

3 


5 

.a  * 

5 


2 

.  3 
8 


e 

.  ~  o 

$ 


3 

z 

« 

H 

-  5 


•  5 

o 

5 


in 

vO 

W 

Pi 

B 

hH 

h 


138 


MARCH  21, 1969  I200Z 


O 

m 


o 


«>  < 


* 


;  2 
«0  a 
(0  UJ 


139 


FIGURE  66. 


SECTION  XV 


CONCLUSIONS 

The  microwave  refractivity  measurements  made  with  the  USAF 
Convair,  supplemented  by  radiosonde  data  (Rowlandson,  et  al,  1969,  1970), 
has  permitted  an  analysis  of  the  temporal  and  spatial  behavior  of  the  Trade 
Wind  Duct  for  March  1969.  From  this  analysis  it  is  quite  clear  that  the 
existence  of  the  Duct  depends  upon  a  rather  delicate  balance  of  thermo¬ 
dynamic  forces.  Intense  subsidence  of  mid-tropospheric  air  provides  a 
temperature  inversion  near  sea  level  which  then  constrains  the  upward  flow 
of  warm,  moist  air  from  the  surface.  In  this  case,  the  Trade  Wind  Duct  is 
intense  and  generally  stratified  over  large  geographical  areas. 

It  was  demonstrated  in  the  analyses  of  the  individual  missions  that 
two  conditions  have  the  most  devastating  effect  on  this  thermodynamic  balance. 
The  first  occurs  when  cool,  Continental  air,  overruns  the  warmer  water  of 
the  Caribbean.  Instability  is  then  produced  at  the  surface  and  moist  air  rises 
with  considerable  vertical  momentum.  The  release  of  latent  heat  of  con¬ 
densation  further  amplifies  this  vertical  transfer  of  energy  and  moisture  can 
be  driven  aloft  to  heights  far  exceeding  the  normal  height  of  the  inversion. 

A  second  noticeable  effect  occurs  when  a  low  pressure  trough,  if  not  over 
the  Caribbean,  skirts  past  the  northern  part  of  the  Sea.  As  moist  air  is 
lifted  by  the  convergence  near  the  surface  it  is  then  carried  southward  by  the 
anticyclonic  flow  of  air  around  the  center  of  the  low.  This  type  of  frontal 
system  tends  to  move  to  the  east  since  the  level  of  non-divergence  is  at  Low 
altitudes  and  the  high  altitude  pattern  predominates.  As  was  shown  during 
the  Last  three  missions,  the  effect  of  this  type  of  disturbance  is  feLt  at  ex¬ 
tremely  great  distances  from  the  center. 

Measurements  in  the  Key  West  and  Puerto  Rico  areas  showed  the 
orographic  and  thermaL  (convective)  effects  produced  by  Land  masses.  One 
might  consider  these  effects  to  be  sufficiently  localized  as  not  to  have  any 
significant  consequence.  However,  if  one  is  attempting  to  propagate  radio 
signaLs  from  these  land  areas  these  LocaL  effects  then  become  important. 

If  the  Duct  is  made  to  osciLLate  in  altitude  by  these  effects  (Rowlandson,  1966), 
it  may  become  possibLe  to  coupLe  radio  signaLs  into  the  Duct  because  at 
certain  points  in  space  the  Local  eLevation  angLes  become  sufficiently  small. 
(Guignard,  et  al,  1965) 

Of  course,  using  the  Duct  to  refLect  signals  presents  a  different  in¬ 
terpretation  of  the  effect  of  Losing  the  stratified  properties  of  this  Layer. 


140 


In  view  of  the  wideLy  varying  properties  of  the  Trade  Wind  Duct,  it 
would  appear  that  a  statistical  presentation  of  its  charactis tics  is  most 
meaningful.  For  detailed  measurements  of  orographic  and  thermal  effects 
mentioned  above,  it  is  imperative  that  an  instrumented  airborne  system  be 
used.  However,  with  a  sensible  distribution  of  radiosonde  stations,  aug¬ 
mented  by  launches  from  ships,  it  is  economically  more  reasonable  to  use 
this  type  of  information  for  a  large  area.  Therefore,  if  confidence  can  be 
placed  on  the  accuracy  of  radiosonde  data,  the  statistical  presentation  used 
by  Dougherty,  et  al  (1967)  is  meaningful.  It  is  well  known  that  propagation 
by  tropospheric  scatter  can  never  be  defined  other  than  by  consideration  of 
the  statistical  behavior  of  median  signal  level,  fading  rate,  depth  of  fade,  etc. 

Within  certain  periods  of  time,  and  over  defined  areas,  one  may 
associate  the  statistical  behavior  with  meteorological  conditions  and  changes 
in  the  transmission  parameters  (Tagliafer ri,  et  at,  1966). 

Similarly,  it  is  reasonable  to  know  statistically  the  probability  for  a 
given  location  and  period  of  time  such  information  as: 

If  I  have  a  choice  of  equipment,  the  one  operating  at  30  centimeters 
wavelength  and  the  other  at  two  meters,  which  would  be  more  effective  to 
receive  and/or  communicate  beyond  the  horizon? 

Certainly,  the  choice  depends  upon  the  relative  advantages  of  duct 
propagation  versus  reflection  by  layers.  The  statistical  information  on  the 
properties  of  these  layers  coupled  with  ray-traced  data  could  provide  infor¬ 
mation  to  resolve  such  a  question. 

Now,  let  us  return  to  the  question  of  the  usefulness  of  radiosonde  data. 
During  the  March  experiment  only  a  few  opportunities  were  available  where 
aircraft  measurements  could  be  compared  with  radiosonde  data.  As  men¬ 
tioned  in  the  preceding  sections,  it  is  virtually  impossible  to  make  any 
meaningful  comparisons  because  the  aircraft  measurements  are  usually  not 
located  close  to  the  position  of  the  radiosonde  in  flight.  Furthermore,  the 
balloon  tends  to  be  affected  less  by  horizontal  variations  of  the  free  air 
variables  than  do  the  aircraft  measurements.  If  the  radiosonde  instruments 
could  be  co-located  with  the  refractometer  on  the  aircraft,  and  if  the  dynamic 
effects  were  compensated,  a  useful  comparison  could  be  made.  The  correc¬ 
tion  method  described  by  Dougherty,  et  al  (1967),  and  included  herein,  could 
then  be  evaluated. 
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It  may  also  be  possible  to  modify  the  present  radiosonde  operating 
procedures  to  enhance  the  quality  and  usefulness  of  the  data.  For  those 
stations  where  launch  control  can  be  exercised  it  should  be  requested  that 
the  radiosonde  elements  be  brought  into  equilibrium  with  the  environment 
prior  to  release.  The  transmissions  recorded  at  release  would  be  checked 
against  psychometric  data  to  verify  that  the  prescribed  launch  procedures 
were  followed.  Such  procedures  are  imperative  to  make  effective  corrections 
for  the  lag  in  sensors  (Bean  and  Dutton,  1966,  pp  40-41).  In  addition,  all 
significant  data  should  be  recorded  and  reported. 


SECTION  XVI 
REC  OMMENDATIONS 


The  prevalence  of  elevated  layers  in  the  subtropical  areas  of  the  world 
provide  a  statistically  dependable  method  to  receive  and/or  communicate 
radio  signals  far  beyond  the  horizon. 

For  any  particular  area,  it  is  possible  to  develop  the  statistical 
probability  that  a  given  type  of  propagation  mode  can  be  effectively  employed. 

Considering,  for  example,  the  Caribbean  Sea,  the  radiosonde  data 
available  from  all  cooperative  sources  should  be  used  to  statistically  define 
the  properties  of  elevated  layers  on  a  seasonal  and  geographical  basis. 

This  data  could  be  enhanced  by  requesting  psychometric  measurements 
at  launch  and  stressing  the  importance  of  bringing  the  sensors  to  equilibrium 
with  the  environment  prior  to  launch. 

Correction  methods  would  be  applied  in  an  attempt  to  compensate  for 
sensor  time  lags.  This  correction  procedure  should  be  tested  by  a  con¬ 
frontation  of  data  obtained  from  an  airborne  microwave  refractometer  and 
co-located  radiosonde  sensors. 

Together  with  ray-tracing  methods,  the  statistical  response  of  a 
propagation  technique  to  radio  parameters,  such  as  wavelength,  geometry, 
propagation  mode  (ducting  versus  reflections)  should  be  determined.  This 
determination  would,  of  course,  be  related  to  seasonal  effects  which  is  sub¬ 
stantially  the  meteorological  conditions,  and  to  geographical  features. 

Mode -coupling  considerations  should  be  investigated  such  as  the  effect 
of  orographic  and  convective  effects  on  the  normally  stratified  Trade  Wind 
Duct.  Radio  considerations  would  be  included  such  as  the  effect  of  v/ave - 
length,  beamwidth  and  scanning  mode  in  relation  to  thedegree  of  coupling. 

A  comprehensive  experiment  should  include  actual  radio  transmissions 
and  records  of  received  signal  characteristics  over  selected  paths.  As 
previously  recommended  (Rowlandson,  19 66,  pp  50-51)  an  attempt  to  separate 
the  coherent  and  non-coherent  signal  characteristics  would  reveal  informa¬ 
tion  on  the  relative  merits  of  duct  versus  reflection  propagation  modes 
within  selected  time  frames.  The  evaluation  of  the  effectiveness  of  mode- 
coupling  using  radio  experimentation  should  also  be  included. 


143 


APPENDIX  A 


CORRECTION  PROCEDURES  FOR  THE  SENSOR  TIME  LAG 

IN  RADIOSONDE  DATA 
(After  Dougherty) 


BACKGROUND 

For  several  years,  radiosonde  data  have  been  used  to  determine  the 
vertical  distribution  of  the  radio  refractive  index  without  considering  the  in¬ 
herent  errors  in  the  transmitting  element.  Wagner  (I960)  concluded  that  of 
all  the  errors  in  the  sensing  elements,  data  transmission  cycling  procedures, 
and  significant  level  selection  criteria,  it  is  the  time  lag  of  the  temperature 
and  humidity  sensors  which  constitute  the  most  serious  error.  All  of  the 
data  considered  here  were  from  stations  using  the  lithium  chloride  humidity 

sensor. 


CORRECTION  FACTORS 

If  0*  and  0  are,  respectively,  the  corrected  and  indicated  values  of 
the  parameter,  then 


0^*  =  0^  +  R\ 


(A-l) 


where  R  =  0.  005  km/sec,  the  assumed  ascention  rate  of  the  balloon 
X  =  lag  constant  in  seconds 
h  =  height  in  km 
i  =  level  reported 


If  the  same  procedure  is  applied  to  changes  of  the  parameter  through 
the  layer,  then 


&0t*  =  *0i  +  RX 


(A-2) 


For  temperature,  T,  the  \rp  =  3  seconds;  for  relative  humidity,  RH, 
Xpj-j  =  5  seconds,  where 


A0i  =  -  0i_1 


(A- 3) 
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The  Xrh  varies  with  temperature,  but  since  the  range  of  temperature 
for  this  particular  problem  (Trade  Wind  Inversion  refractive  layers)  is 
usually  0  to  30°  C,  the  approximate  room  temperature  value  of  \pj_j  obtained 
by  Wexler,  et  al,  (1955),  is  used. 


For  thin  layers,  this  procedure  is  believed  to  over-correct  the 
relative  humidity.  Therefore,  the  factor  6  is  used; 

6=1  if  Ah^  >0.1  km 

6  =  10  Ahi  if  Ahj^  <0.1  km  (A-4) 

Substituting  the  numerical  values  of  the  constants,  the  correction 
term  for  relative  humidity  is 


C  -  o  0256  r~ARHi  ARHi-’l 
CRH  -  0.  0256  |_  ih.  J 

The  correction  term  for  temperature  is 

CT-0.0156^.^ 


(A -5) 


(A-6) 


The  change  in  refractivity  due  to  changes  in  relative  humidity  and 
temperature  is  given  by 


AT  + 


5N 

SRH 


ARH 


(A-7) 


so  that  the  correction  term  for  the  refractivity  gradient,  AN/ Ah  is 


CN 


+  C 


RH 


5N 

SRH 


]  /&>>l 


(A-8) 


Since  the  effect  of  the  temperature  lag  on  the  refractive  index  gradient 
is  negligible,  (for  the  range  of  temperatures  generally  encountered)  relative 
to  that  of  relative  humidity,  the  correction  term  generally  used  for  the  re¬ 
fractivity  gradient  is 


krh  crh 
Cn  =  ~an 


(A-9) 
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where 


Krh  =  3733es/T3  *0.  3  at  0°  C 

(A-  10) 

The  T  is  the  absolute  temperature,  273  plus  degrees  centigrade. 
However,  the  complete  correction  term  for  correcting  the  refractivity 
gradient  is 

CRH  KRH  [Kw  -  KH]  [CT] 

N  ‘  Ah;  +  Ahi 

(A-l  1 ) 

where 

K  -  3N 

RH  6RH 

(A  -  12) 

Kd  =  77.  6  P/T2 

(A- 13) 

3. 73  x  10s  RH  fde s  2es  , 

Kw  t2  dT  ~  T 

(A-  14) 

where  Kw  and  Kd  are  "wet"  and  "dry"  components  of  5N/5T, 
and  T  is  the  absolute  temperature.  These  coefficients  Krjvj, 
are  plotted  in  Figures  A-l,  A-2,  and  A-3. 

respectively, 

Kd,  and  Kw 
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RELATIVE  HUMIDITY  COEFFICIENT, 


THE  RELATIVE  HUMIDITY  COEFFICIENT,  KrH,  FOR  REFRACTIVITY 


PO 

o 

CM 

r* 


FIGURE  A-l. 
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WET  TERM  TEMPERATURE  COEFFICIENT 


THE  TEMPERATURE  COEFFICIENT  Kw 
FOR  THE  REFRACTIVITY  WET  TERM 
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FIGURE  A- 2. 


IO 


FIGURE  A-3. 
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